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PREFACE TO THE 
SECOND EDITION 





Today, hydraulic equipment has become so influential in the 
design of industrial machinery, that without hydraulic 
systems automation as we know it would not be possible. If 
it were not for the ability to transmit and control energy 
through the use of hydraulics, modern machinery would have 


to be totally redesigned. Out of necessity, these machines 
would have to be made larger, they would require more 


manual supervision, and would cost considerably more to 
— have to accept the fact that the 
‘products manufactured by these machines would have to be 
produced at a lower daily rate. Still more production 


processes would have to be completely abandoned without 
the assistance of hydraulics. 


Over the past twenty five years, the rapid technological 
growth of the hydraulics industry, has caused pressure drop 
in the flow of technical information. Whenever a technology 
displays a rapid growth, educational tools are not developed 
until late in the process. Initially, information on new 
methods and products passes simply by word of mouth. Of 
course, second, third, or fourth hand information is not very 
reliable and prohibits a thorough working knowledge of the 
equipment in question. This can obviously lead to mis- 
application of the product and frustration with its use. 


Since the early 1950’s, The Rexroth Corporation has played 
an influential role in the development of the hydraulic in- 
dustry. Rexroth has under one roof the most complete line of 
hydraulic equipment in the world, and therefore, we feel that 
it is our responsibility to provide the necessary educational 
tools, for proper application of these products. For this pur- 
pose, this text has been written. 


During the development of our training program the question 
most frequently asked was, “What audience will your training 
material address?”, the arbitrary division being placed be- 
tween service and maintenance technicians and engineering 
personnel. To this question we can only reply with the 
following thoughts. 


To keep up with the technological growth of the hydraulic in- 
dustry we must have well trained personnel in every facet of 
the industry. In addition, if hydraulics is to meet the new 
challenges of energy transmission now being presented by in- 
dustry, we must continue this growth in technology in the 
years to come. Components have and will become more 
sophisticated. Likewise, if these new components are to per- 
form at an optimum level they will require equally 
sophisticated system designs. The intricacies of this 
sophistication, out of necessity, influence the maintenance 
and troubleshooting of the system. The problem of machine 
downtime can only be solved by maintenance technicians 


who have a thorough working knowledge of hydraulics. The 
key words, then, are knowledge of hydraulics and to this end 
the curriculum is the same for both maintenance and design 
personnel. 


Our First Edition was published in 1979 as a state of the art 
textbook for use in our customer training courses. Today 
this text is also being used by colleges, technical schools, 
and industry for the purpose of either student or employee 
training. In order to keep up to date with the technology 
growth in our industry this Second Edition of Using In- 
dustrial Hydraulics has been published. The Second Edition 
includes three new chapters on electronic proportional con- 
trol of the hydraulic system. 


Although electronic control is not new to the hydraulic in- 
dustry, the hardware which is available today opens up new 
possibilities for its applications. This new technology is less 
sensitive to contamination, and more cost effective. Like- 
wise, both design and maintenance are simplified by stan- 
dardized amplifier cards and more dependable hydraulic 
components. With the advent of process controllers, and 
other forms of computerized control both the designer and 
the maintenance technician must be prepared to deal with 
the interfacing of these controls with the hydraulic system. 
For those involved in the design or maintenance of new 
equipment or for those who wish to modernize an existing 
system, this Second Edition includes specific application 
details, and “how to” information. 


Chapter 9 covers design consideration which applies New- 
ton’s second law of motion to the hydraulic system in order 
to predict the actual pressure which will be experienced 
during periods of acceleration (or deceleration). In addition, 
formulas are developed whereby the designer can determine 
the natural frequency of the hydraulic system. This assures 
smooth acceleration and stability in the system's operation. 


We wish to express our gratitude to our Rexroth employees 
who have dedicated a good deal of their personal time to- 
ward the publication of this text. We would also like to ex- 
tend our sincere thanks to those individuals who assisted in 
the technical editing of the material which is presented 
herein. And finally we wish to express our appreciation to 
you, the student, for selecting Rexroth as your instructional 
service. 
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Tom Frankenfield 
Manager, Technical Service Department 
Rexroth Corporation 
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CHAPTER 1 


HYDRAULIC PRINCIPLES 


“Operated, moved, or effected by means of water,” ac- 
cording to Webster, means that hydraulics is as ancient as 
water itself. By strict definition, hydraulics has existed ever 
since the first stream of water eroded the first Section of 
earth. A more modem definition of hydraulics was first 
realized in the 17th century when it was discovered that a 
fluid under pressure could be used to transmit power. 
Hydrostatics, a contemporary definition of the principles of 
hydraulics, is a very simple term based on a discovery by 
Blaise Pascal (1623-1662). He discovered that if a fluid in a 
closed container receives a force over any area of that con- 
tainer, the pressure is then transmitted throughout the 
system undiminished and equal in all directions. From this 
simple system (for distribution of power and changes in its 
direction) an interesting technology has evolved, which is the 
most versatile means of power transmission known today. 


missions. Likewise, hydraulics is considerably more precise 
in controlling energy,and has a broader adjustability range 
than either electrical or mechanical means. It is the purpose 


of this chapter to study the laws of physics governing fluids. 


BASIC PHYSICS OF THE WORLD 
WE LIVE IN 


Before getting into the specifics of hydraulics it would be 
helpful for us to understand the objectives we are trying to 
accomplish through its use. We are not trying to rewrite a 
Physics I course,but only wish to summarize those elements 
that a hydraulic system must contend with. 


ENERGY 





One of the most important topics of today is energy and con- 
servation thereof. However, most people discuss and debate 
the use of energy without understanding what energy really 


is. By simple definition, energy is the ability to do work. 
Although energy shows itself in the form of mechanical, elec- 


trical, sound, light, heat or chemical, its origin is usually from 
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our natural resources, namely oil or coal. In physics the law 
of conservation states that energy can neither be created nor 
destroyed, although it can be converted from one form to 
another, with some forms more useful to us than others. 


In a hydraulic system the energy input is called a prime 
mover. Examples of prime movers are electric motors and in: 
ternal combustion engines. Prime movers and hydraulic 
pumps do not create energy, they simply put it in a form that 
can be utilized by a hydraulic system. 


























WORK <> Force 
— x — 
Distance 7 
L 
Example of Work 


In defining energy we had to use the term work. Simply 
stated, work is done when something is moved. If we lift a 
book from the table we have done work, however, there are 
two components which must exist to do work on the book. 
First of all, if we are to move the book we must exert a force 
on it in the form of a push or a pull. This force must be equal 
in magnitude to the weight of the book and opposed in direc- 
tion. Consequently, a force has the units of pounds (Ibs.) and 
we must know the pounds of force required to do any type of 
work. 


Secondly, if we move the book it must move through some 
distance which can be measured in inches, feet or miles. 
Thus, we have defined the other unit of work; namely dis: 
tances represented in inches or feet. 


If enough force in pounds (Ibs.) is exerted to move the book 
through a distance (ft.), then work is done. 


WORK = 


FORCE (Ibs.) x DISTANCE (ft.) = (ft. - Ibs.) 
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LOAD AS A RESISTIVE FORCE 


In hydraulics, the load is the object we want to do work 
upon. By definition, load is resistance to work. Any force 
which tends to hinder the movement of an object is resis- 
tance. Resistive forces can be frictional, inertial, or forces 
due to acceleration. 


Although frictional forces are well understood, inertial forces 


are somewhat more complicated. Inertia is the tendency of a 
body in motion to_stay in motion,or if at rest to stay at rest, 
unless acted on by an external force. Inertial forces are di- 
rectly related to the mass or weight of an object. The heavier 
an object is, the harder (more force) it is to start that object 
moving or to stop it once it’s in motion. 


ACCELERATION FORCE 


On high speed equipment it is often necessary to move 
relatively heavy objects from rest to high speed (or vice versa ) 
in a short amount of time. This requires fast acceleration (or 
deceleration) rates. We must take into consideration the 
forces required for this acceleration. Isaac Newton's (1642- 
1727) second law of motion states that the force required is 
simply the product of the object's mass times the required ac- 
celeration rate. It must be remembered in the English system 
of units, mass is the weight of an object in pounds divided by 
the acceleration due to gravity. Consequently: 


F = ma 
Where F = force in (lbs.) — 
_ t _w__ Weight _ 
M = Mass in (slugs) 3 32.2 ft/sec’ 


g = acceleration due to gravity = 
32.2 ft/sec? 
a = acceleration (ft/sec) 


Example: A vertically acting cylinder is to move a 5000 Ib. 
load from rest, and is to achieve a velocity of 30 ft./sec. in 
1.5 sec. What force must be exerted by the cylinder? 


a. We know that to lift the load we must exert an upward 
force of at least 5000 Ibs. to balance the weight of the 
object, but we must also add to this a force to accelerate 
the mass. 

b. If we are to achieve 30 ft./sec. in 1.5 sec. we must ac- 
celerate at the rate of : 


acceleration = 
required 
velocity _ 30 ft./sec. = 20 ft./sec? 
time 1.5 sec. . 


c. From Newton’s second law, F = ma, where: 


AN — s <32; P Res 


AT 


Fat- __ 5000 lbs. | 


KTT 3105.6 Ibs. 


(20 ft-/s€C") = 


d. The total force which must be exerted by the cylinder 
during acceleration is: 


FTotal = 5000 Ibs. + 3105 Ibs. = 8105 Ibs. 


[fin your engineering you forget to add in the force due to ac- 
celeration, the system will still obtain maximum constant 
speed, but it will take considerably longer to achieve it. 


In other words, if the system is designed for a pressure just 
sufficient to exert the 5000 pound force to move the load, 
during the acceleration period there will not be enough 
energy (force) available to reach the required velocity in the 
allotted time. Since the maximum velocity can’t be achieved, 
the excess oil will be blown over the relief, until the 30 ft./sec. 
velocity is reached. 


POWER 


Power is defined as the rate of doing work. To better 
describe this term we will use the example we cited earlier. 
Assuming the book weighs 1 pound and we lift it 3 feet off 
the table we have done 3 ft.-lbs. of work. It does not matter if 
we lift it fast (1 second) or slow (1 hour), we always do the 
same amount of work. It does, however, take more power to 
lift the book in a lesser amount of time. Consequently, the 
units of power are defined as the amount of work (ft.-Ibs.) per 
unit time (seconds) or: 


ft-lbs. 
sec. 


POWER = 


The common method of measuring power is known as 
horsepower. Horsepower is defined as the amount of weight 
(Ibs.) a horse could lift one foot in one second. By experiment 
it was found that the average horse could lift 550 lbs. one 
foot in one second, consequently: 


550 ft.-lbs. 
sec. 


O 1 Second 


1 Horsepower = 
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HEAT AND WASTED ENERGY 


Energy, which is not used to do useful work, can be con- 
sidered wasted. Although energy cannot be destroyed it can 
be converted into heat or noise, which is useless for per- 
forming work through hydraulics. As a hydraulics engineer it 
is your responsibility to calculate the power to do the work in 
both directions. Once you know the power needed you can 
then design a system which delivers that power only when 
needed. A truly efficient system never generates heat by 
dumping high pressure oil over a relief valve for long periods 
of time. We will discuss the effects of heat in a hydraulic 
system later in this chapter. 


UNDERSTANDING PRESSURE 
AND FLOW 


Pressure and flow are the two concepts which are the foun- 
dation of modem day hydrostatic_technology. Although 
“pressure” and “flow” are the two most frequently used terms 
in our industry they also are probably the two most con- 


fusing. It is important for those dealing with hydraulics to 
realize w y increasing relief valve settima can sometimes in- 
crease system speed, and why this method of speed ad- 


justment should never be practiced. 
el 


FLOW CAUSES MOTION 


For work to be done by a hydraulic system there must be 
motion. Since motion in itself is mechanical we must have 
some type of interface between the hydraulic system and the 
mechanical motion of the load. The simplest form of in- 
terface is a linear actuator known as a hydraulic cylinder. 


A hydraulic cylinder is nothing more than a closed cylindrical 
container having a sealed but moveable piston which is con- 
nected to a piston rod. The rod protrudes through one end of 
the cylinder for transmittal of force and motion to the load. 


The oil held in the other end — 1 Piston Rod 
returns to tank through ‘i 
this line. E @) 

The oil 


N 

pushes 
the 
piston 
upward 
as it fills 


1 Ee MIR the 
housing. 














Cylinder 
Housing 






Pump ia j 


G) The pump creates a flow of oil. 


If we first consider how motion is produced, we can think of 
the cylinder with the piston rod fully retracted. As oil flows 
into the blind end of the cylinder, the piston begins moving . 
upward to allow room for the increased oil volume in the 
cylinder housing. It stands to reason that the faster we fill the 
cylinder with oil the faster the piston and rod assembly ex- 
tends. 


AREAS 


It is well known that the area of a square or rectangular sur- 
face is found by multiplying its length times its width dimen- 
sion. If a rectangular table measures 30 inches by 40 inches 
then it is said to have a surface area of 1,200 square inches 
(in). 











Likewise, to find the area of a circle, you must know its 
diameter: s 


Diameter 


(inches) 





The radius of any circle is 1/2 its diameter. Thus, a circle with 
a diameter of 10 inches has a radius of 5 inches. To find the 
area of a circle, multiply its radius times its radius times a 
mathematical constant n, which is always equal to 3.14. 


Area (in)? = 1x r? 
— —⸗ 


Example: Circle diameter = 10 inches 
Radius is 1/2 x 10 inches = 5 inches 
Area = nr? = 3.14 x 5 x 5 = 78.5 in? 


VOLUME 


The volume of a rectangular milk carton is found by 
multiplying its length dimension times its width dimension 
times its height Gnension, 
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Volume = 5 inches x 5 inches x 
914 inches = 231 cubic inches (in?) 


Volume is.alsp represented in a familiar term; the gallon. 


© dn other terms, the volume of a container is the area of its 
s‘sy,pase times its height. To find the volume of a cylinder which 


S 10 inches in diameter, we multiply the area of the bottom 
times. the height. 


Height 10” 


| 


Volume = 78) in? x 10” = 785 in? 





Area is 78% in? (See area calculation above) 


FLOW RATE 


We normally represent flow in hydraulics by the number of 
gallons that can move into a measuring container in a given 
amount of time. 


Volume Gallons in? 


min. 





OW = 
SL Minute 


Time 
To expand on what we first said about flow it is important to 
realize that the speed or the rate of doing work is dependent 
on flow rate without regard to pressure. Of course, the size 
of the actuator must also be taken into account, since for a 
given amount of flow, larger actuators would move slower 
than smaller ones. (see page 7). 
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FLOW CALCULATION FOR 
HYDRAULIC CYLINDERS 


Required Piston 





Flow = Area (in?) x Required Velocity (in/min.) 
Rate 
GPM =~ AxV 
231 
FLOW CALCULATION FOR 
HYDRAULIC MOTORS 
Required Cubic in. x RPM 
Flow GPM = 
Rate 231 


SIZING PIPING, TUBING, AND HOSE 


In efficient system design it is important to size the fluid con- 
ductors properly for the flow rate. Whenever there is a fluid 
flow there is motion, and we said before that when 
something moves, work is being done. Since there is work, a 
force must also exist in the form of pressure. It is this force 
we want to minimize in efficient system design. 


To minimize the force required in the form of pressure we 
must limit the resistance to flow. Since most of this re- 
sistance (as with any dynamic system) is in the form of fric- 
tion, for any given cross sectional area, the higher the flow 
rate the more heat that is generated because of friction. 


VELOCITY VS. CROSS SECTIONAL AREA 


Since fluid conductors are round, their cross sectional area is 
that of a circle. If we double the diameter (and thus the 
radius) of that opening we quadruple the area since we 
mathematically square the radius. 


If for example, we take a piece of 1⁄2” schedule 40 pipe, we 
find that it has an inside diameter of .622” which gives us a 
cross sectional area of .3037 (inches)?. It would take 63 feet 
of this size pipe to hold one gallon of oil. Consequently, to 
accomplish a flow rate of 1 GPM, we would have to have an 
oil velocity of: 


63 feet x igation | 1 mintte 


= 1.0 ft 
J) gation 1 minute 60 sec alia 


If we do nothing more than use LS" schedule 80 instead of 
schedule 40 the velocity changes drastically: 





















This is called a 
cylinder velocity 
<> of 5 ft/min. 







@) Therefore, a 1 GPM pump will produce 5 ft. of mechanical 
motion in 1 minute. 


| Ata stroke of 
5 ft., this 

cylinder holds 
1 gallon of oil. 
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FLOW CAUSES MOTION 


O or a velocity of 10 ft/min. @) A velocity of 10 ft/min. 





The 1 GPM pump causes 5 ft. 
of motion in 30 seconds... 


Will also move 5 ft. in the 
first 30 seconds... “> 













S 
5 ft. 
| | 


The same size 


© If we use a smaller E 
cylinder as 


cylinder so that at 


5 ft. it holds only above... 
14 gallon... 
ACTUATOR SIZE AFFECTS SPEED FLOW RATE AFFECTS SPEED 
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With consideration to Pascal’s Law, if we exert a force over 
an area of a fluid in a closed container, this pressure is then 
exerted perpendicular to, and-undiminished in all directions, 


4’’ 


on every unit area of that container. It is exactly this principle 
which not only lets us transmit energy through a fluid but at 
the same time get a multiplication of force. 


Assuming that we have a closed container of any shape, with 
two movable but sealed pistons, the output piston having a 4 
times larger area than the input piston; for every pound input 
on the small piston we get a 4 pound potential output on the 
second. Since the pressure in the container is equal in all 
directions, the input to output force ratio is directly propor- 
tional to the input and output area ratios. 


It is important to note, however, that to multiply force with a 
hydraulic system, we must sacrifice speed and distance. You 
will notice that for every inch of motion of the larger 
piston, the smaller piston must move 4 inches to displace the 
same volume of oil. 


The input work is 1 lb. moving 4 inches, or 4 in.-lbs., while 
the output work is 4 lbs. moving 1 in., or 4 in-lbs. Since the 
input work and output work is the same, we have complied 
with the fundamental law of physics that says energy can 
neither be created nor destroyed. The only thing lost is speed 
for force, or vice versa. 


GENERATION OF PRESSURE .. . WHERE 
DOES IT COME FROM? 





It is theresponsibilityof any basic hydraulics course to justify 
the often used myth that hydraulic pumps pump pressure. 
The only thing a pump does is to create a flow of fluid. Its 
maximum pressure rating only determines how much 


resistance to that flow the pump can withstand. 


This load resists work because it 
does not want to move. 










It does this by exerting a force 
of 5000 Ibs. over this area. 


1 in? 


the pressure in the fluid is 5000 
PSI because of PASCALS LAW. 


fi 


(3) If the container is closed by a pipe plug.. 


We said earlier that a load is resistance to work. If we are to 
do work on this load with a hydraulic cylinder, then the load 
is exerting a force which is resisting the motion of the piston 
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in the hydraulic cylinder. Since the load exerts a certain 
amount of force in pounds and the piston in the cylinder has 
a certain area in in?, we have force over area or pressure. If 
the cylinder has a piston area of one square inch, and sup- 
ports a 5000 pound load on a blocked column of fluid, then 
you can see that by Pascal's Law we have a pressure in the 


fluid of 5000 PSI. 


If, instead of a blocked column of fluid, we connect the cylin- 
der to a hydraulic pump, then the 5000 PSI would be 
transmitted back to the inlet of the pump. For the pump to 
create a flow, it must be able to withstand this 5000 PSI 
resistance: 


@) this load resists work because 
it does not want to move. 









It does this by exerting a 
force of 5000 Ibs. over this 
area. 


(3) If we replace the pipe PAY 


with a pump... 


© 1 we still have a captured 


column of fluid and the 
pressure remains at 


5000 PSI. 







when inlet 
pressure 
equals... 


outlet 
pressure. 


— —* 
E E 


Orifice 


because a 
pressure drop 
of 2000 PSI 


3 exists. 


PRESSURE IS NOTHING MORE THAN A 
RESISTANCE TO FLOW 


A load is resistance to work and in tum a resistance to flow 
in the hydraulic system, but there are two other-forms of 
resistance. These forms of resistance to flow are: 


1. Those found in friction in moving oil through pipes, 
hoses, tubing, and valves. 


2. Those which are induced by orifices in the stream of 
fluid, by flow controls. 


ORIFICES & PRESSURE 


Orifices in hydraulic systems are much like doorways in 
crowded hallways. The higher the flow rate in people/min. or 
the smaller the doorway, the more crowded it becomes at the 
entrance. 


With hydraulics when oil moves through a restriction (orifice) 
there is work being done to the oil. In doing this work, 
pressure is lost because it creates the force required to push 
the oil through the restriction. For a given orifice, an increase 
in pressure drop from inlet to outlet is always accompanied 
by an increase in flow. The pressure drop across an orifice 
can be affected by three variables (assuming constant 
viscosity): 


D 


becomes higher 
than pressure F& 
here... S 
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1. An increase in load pressure at the outlet increases 
downstream pressure, and assuming inlet pressure 
remains at relief valve setting, has the effect of 
decreasing pressure difference from inlet to outlet. This 
means less flow, so that the system slows down with 
increased load. 


2. An increase in the inlet pressure, by raising the relief 
valve setting, has the effect of increasing the pressure 
drop across the orifice. Assuming constant load 
pressure, the system speeds up. For this reason many 
think that to adjust speed in a hydraulic system, you 
adjust system pressure. The higher the number of 
restrictions a system has the better this method works. 
This, however, is the most ineffective and highly inef- 
ficient means of trying to adjust speed. 


3. By opening and closing the restriction we change the 
resistance to flow. The lesser the resistance, the less 
the pressure loss from inlet to outlet. This is the most 


Set at 3000 PSI 


— — 
eee 


= E ir EG 


When the restriction is wide open there is vir- 
tually no resistance to flow, therefore, no 
pressure. 
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efficient way to tune system speed when the system 
has a fixed displacement pump (see page 10). 


SETTING THE RELIEF VALVE 


First, the relief valve setting is set so that the system does its 
work on the load at a load pressure, with the flow control 
wide open. Then, by closing the orifice we allow some of the 
energy that was needed to move the load at full speed, to be 
dumped over the relief valve in the form of heat. This hap- 
pens at the instant the orifice adds enough resistance to flow, 
to increase the system pressure at the relief valve, to a value 
just slightly more than load pressure. The relief valve cracks, 
and begins allowing some of the pressurized fluid to flow to 
tank. The more the orifice is closed, the more it tries to in- 
crease the inlet pressure, and the more the relief valve opens 
to pass the excess oil to tank. The outlet pressure at the 
orifice is always load induced pressure: 





As the needle valve is closed, pressure builds up 
in the system and energy is converted to heat 
(since no useful work is being done). All the flow 
is still across the restriction since pressure isn’t 
high enough to open the relief. 
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When the restriction is closed sufficiently to in- 
crease the inlet pressure to relief valve setting, 
some of the flow is diverted to tank via the relief 
valve. Notice that the horsepower which is con- 
verted into heat by the two valves, equals the in- 
put horsepower. 
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8 HP creates heat 
because of flow 
across the relief 


When a load is added to the circuit without chang- 
ing the setting of the needle valve,more flow is 
diverted to tank over the relief because less 
flow can be pushed through the needle valve, 
due to the decrease in pressure drop. If the 
load is increased, the speed drops even further. 


PHYSICAL TO HYDRAULIC COMPARISON 


PHYSICAL 


HYDRAULIC 


ENERGY IS THE ABILITY TO DO WORK 


Force (Pounds 
Distance (Inches 
Wor 


Work (in-lbs ) 


powera Time (sec) 


In converting the units of hydraulic power: 
Theoretical Hydraulic Horsepower = 
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= Force (Ibs) x Distance (in) (in-lbs or ft-lbs} 





Pressure (Pounds/sq. inch 
Displacement (Gallons or Cubic Inches) 


Work = Pressure x Displacement 


-Pounds - (in?) (in-lbs or ft-lbs) 
(in?) 


Pressure x Displacement 
ime 


Power = 
in? (in-Ibs) 


or = Pressure x Flow Rate 
min (min) 


Flow (GPM) x Pressure (PSI) 
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ROTARY MOTION WITH 
HYDRAULIC MOTORS 


We have described that with hydraulic cylinders, the 
pressure required is nothing more than the total output force 
in Ibs. (including acceleration), divided by the net surface 
area of the piston in square inches. However, in the design of 
hydraulic systems involving rotary motion, we must also be 
able to determine the pressure required at the hydraulic 
motor. 


To relate back to hydraulic cylinders, the output force was 
given the unit of lbs. and, if we did work with the cylinder we 
assigned the units of work in in-lbs or ft-lbs. We now want to 
cover a different subject entirely. 


First, we must define what we mean by torque. Simply 
stated, torque is the twisting effort of a rotational device. In 
general, we are interested in torque capabilities of devices 
such as internal combustion engines, electric motors, and 
hydraulic motors. To give us a starting point anyone who has 
ever played on a seesaw has dealt with the elements of 
torque. 


If, for example you and your childhood sweetheart were to 
play on a seesaw it would have been necessary to give her 
the longest side. Even though she may have been 20 or 30 
pounds lighter than you, her weight could effectively balance 
yours, as long as she had the longer side. If the situation were 
reversed and she had the short side, the moment you got on, 
she went up and you stayed down. 


Let’s look closer at the physical elements which are coming 
into play. 








With reference to the above diagram, if you weighed 100 lbs. 
and were sitting two feet from the balancing point (fulcrum) 
then you created a torque capability of 100 pounds x 2 ft or 
200 lb-ft which tends to cause a clockwise rotation around 
the fulcrum. Now, if your girlfriend weighed only 80 lbs. then 
she had to sit 21⁄2 feet from the fulcrum (80 lbs x 21⁄2 ft = 200 
lb.-ft) in order to obtain an equal balancing torque in the 
counterclockwise direction. 


Consequently, torque is equal to the load multiplied by its 
distance from the center of rotation. 


= 


œr 
LCA 

. a 
7 


Z 
4 iu! 


T = force x radius 


Notice that the units of torque are written in lb-ft or lb-in, 
whereas the units of work (described earlier) are written in 
reverse, as ft-lbs or in-lbs. This is done purposely so as not to 
confuse two totally different concepts. The torque of a 
hydraulic motor is synonymous to the thrust of a hydraulic 
cylinder. Consequently both a torque and a force can exist 
without causing motion (doing work). Likewise, the pressure 
at the inlet of the hydraulic motor only builds to a sufficient 
level to cause a torque which will produce motion. In other 
words, the torque load is resisting rotary motion, thus deter- 
mining the torque produced by the hydraulic motor. 


With hydraulic cylinders, we said the pressure level was 
determined by the load, and the square inch area of the 
piston in the cylinder. Likewise, with hydraulic motors, the 
pressure level is determined by the torque load, and the size 
of the hydraulic motor. 


The size of a hydraulic motor is determined by its geometric 
displacement in in?/rev. The displacement is the amount of 
oil the motor consumes in making one complete revolution. 
As with hydraulic cylinders, a larger motor will produce more 
torque at a given pressure level than will a smaller one. The 
following formulas are necessary for relating torque pressure 
and displacement: 


Formulas for applying Hydraulic motors 


. _ 2n x Torque _2nT 
Displacement Pressure È P 





_ Zn T Where: 
d D 
D = displacement in in? 
or T = Torque in lb-ins 
P = Pressure in PSI 
7 =PxD n=3.14 
2n 


Sometimes it is necessary to determine the power level of the 
rotary motion. If the torque for a given hydraulic motor is 
determined by pressure, and the speed (RPM) of the same 
motor is determined by the flow rate, we now know the 
horsepower level of the motor. 


_ Flow x PSI x(et ) 
HP output 1714 


et Enters into the equation because hydraulic motors by 
nature are not 100% efficient. The total efficiency (60 is the 
product of the motor’s mechanical efficiency (€m) (losses 
because of friction and inertia) and its volumetric efficiency 
(ey). The volumetric efficiency is determined by the per- 
centage of the inlet oil leaked to the case drain, and/or to the 
low pressure outlet of the motor. Basically, the following 
facts hold true for most hydraulic motors: 
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WITH HYDRAULIC MOTORS: 


— Volumetric efficiency is higher at low pressures 
and falls off as you approach the maximum 
pressure capability of the motor. 

— Volumetric efficiency is highest at maximum 
speed. This is true because leakage is mostly 
pressure dependent and consequently is a 
small percentage of the larger flow rate sup- 
plied at higher speeds. 

— Mechanical efficiency is higher at lower speeds 
because of less friction. 

— Mechanical efficiency is higher at higher 
pressure because of better lubrication. 

— Dependent on motor design the starting torque 
may be as low as 60% of the motors running 
torque capabilities. The starting torque 
capabilities must always be considered when 
the motor must start under load. 


In designing the actual machinery it will be helpful to know 
the following mechanical relationships between HP, Torque, 
and Speed (RPM). 


Torque in lb-ins Torque in lb-ft 


— Values are Theoretical — 





or 








7 -HP (63025) 


T= HP x 5252 
RPM 


RPM 









or or 











PHR (63025) 


RPM = HP — 





The formulas as listed in the chart are theoretical values 
without consideration of mechanical inefficiencies. Of par- 
ticular interest the formulas clearly show that with a constant 
input torque the horsepower levels vary directly proportional 
to the speed. Likewise, for constant horsepower installations 
the speed must drop with increasing torque. 


These formulas are also useful in calculating gear box ap- 
plication. That is, assuming we get out of the gear box the 


same horsepower we put in (100% efficiency) we can write 
the following formula: 


For example if we have a 2:1 reduction with a 100 lb-ft 
torque input at 1000 RPM our output torque would be 
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100 ft-Ib x 1000 RPM = Tau x 500 RPM 
100 x 1000 _ : 
R0 5200 lb-ft 


Tout 


SERIES AND PARALLEL 
CIRCUITS 


SERIES CIRCUITS 


Resistances in series are additive. In any hydraulic circuit, as 
we work our way from the load to the pump, each length of 
pipe, every fitting and valve, adds its part to the total 
resistance to flow. We said before that resistance to flow 
results in pressure. Therefore, pressure required at the pump, 
is the sum of load induced pressure, plus all the individual 
pressure drops created by piping, fittings and valves. 


Load / \<> 
Load Induced Pressure ~ | 





Increased Pressure _. 


— — 
(am) (w. 






Fittings © 
Z) Lengths of Pipe 


Increased 
L Pressure 


Required 
Pressure E 
at Pump e J 


Valves | 





It should be noted that when the system becomes static, 
pressure will equalize at relief valve setting (in accordance 
with Pascal’s Law). 


PARALLEL CIRCUITS 


Fluid flows through the path of least resistance when there is 
more than one possible flow path in the system. 


In the following circuit, the 1000 pound load will move first, 
because it requires the least amount of force. Pressure will 
build up only to the point where the 1000 pound load begins 
to move. The system will reach no higher pressure until the 
cylinder reaches the end of its stroke, and no more oil can 
flow into that cylinder. Then, the system becomes static in- 
staneously, as the pressure builds up the 5000 PSI to move 
the.5000 pound load. 


5000 Ib. 
Load | 











Equal Size 
Cylinder with 

« 1 square inch piston ~ 

areas 









Fluid takes the path of least resistance. 


HEAD PRESSURE 


Weight 
7% Ibs. 


1 ft. depth 





1914 in? area 


Static head pressure is a force over an area created by the 
weight of the fluid itself. If we were to weigh a one gallon 
volume of a typical hydraulic oil, we would find that it weighs 
approximately 7% lbs. Likewise, a container which holds 
one gallon of fluid at a one foot depth, has a bottom with a 
surface area of 191% square inches (approximately 4.8” x 4’). 
Consequently, we have a pressure on the bottom of the con- 
tainer of 7% lbs. over 19% square inches or: 


7.75 Ibs. 


_/-75lbs. _ 9 4 psi per ft 
19.25 sq ins Epes 


It does not matter how big the bottom of the container is, we 
are only concemed, that for every one foot of depth, oil 
creates a static head pressure of 0.4 PSI. 


The weight of oil in a large reservoir which holds oil at a 10 
foot depth, creates a pressure in the fluid at the bottom of the 
reservoir of 4 PSI: 


10.4. depth x .4 — 4 PSI 


ATMOSPHERIC PRESSURE AND 
VACUUMS 


As with oil, air also has weight. It is a well known fact that at- 
mospheric pressure at sea level averages 14.7 pounds per 
square inch. Therefore if we were able to weigh our earth’s 
atmosphere, and then divide this weight by the surface area 
of the earth, we would find that the pressure due to the 
weight of air above us is equal to 14.7 PSI. In working back- 
wards we find some interesting trivia: 





The earth has a diameter of 7920 miles or a radius of 3960 
miles. Consequently, its surface area is: 


A = 4nr? = 197,060,790 square miles 
or 791,098,480,000,000,000 sa. inches 


Our Atmosphere _ — lbs. _ 
— 7.91 x 10” sa-ints. x — = 


11,470,927 ,000,000,000,000 Ibs. OR 5.73 x 1015 tons. 





Force due to head pressure is normally equal in 
all directions. 
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As with any object immersed in a fluid (either air or oil) we 
live in an atmosphere which exerts 14.7 pounds on every 
square inch of our bodu. Because we breathe, the pressure is 
also exposed internally so we don’t feel the effect of this 
pressure. We do, however, feel the effects of static head 
pressure when we dive into the deep end of a swimming 
‘pool. This happens because we can’t breath in the higher 
pressure water to equalize internal and external forces. Un- 
der normal conditions, the forces created by head pressure 


are equal in all directions, and cancel the effects of each 
other. 


VACUUM 


A perfect vacuum is a volume which is totally evacuated. In a 
perfect vacuum all air molecules are removed. Although a 
perfect vacuum is virtually impossible to achieve, partial 
vacuums can be used so that the static head pressure of our 
atmosphere can exert a force to do work. 


In comparison with a mechanical system, a vacuum and at- 
mospheric pressure work together much like two people 
pushing on opposite sides of a door: 





Push Push 





SQ 


Equal force on both sides of the door cancel the 
effects of each other, and the door cannot move. 





When one person stops pushing the door movesin. 
his direction. R OSE 


a is 


= b 
— a 
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BAROMETER 


A barometer is a device used to measure the effects of the 

static head pressure of our atmosphere. Barometers 

measure the absolute pressure of the atmosphere and are 

usually calibrated in inches of mercury. A mercury barometer 

can be made by immersing a long test tube in a pool of liquid 

mercury. When all air is expelled, the tube is turned vertically 
with the open end still suspended in the pool. In doing this, 
the mercury drops in the tube, leaving a near perfect vacuum 
in the top of the tube. The mercury is simply the media 
separating the atmospheric pressure from the vacuum. The 
gauge is read by measuring how high the ambient pressure 

pushes the mercury up the tube. Hence, the calibration in 

inches of mercury. Water could also be used in place of mer- 

cury. However, 29.92 inches of mercury is equivalent to 34 
feet of water which would require an extremely long test 

tube. 


Vacuum 
t | 
29.92 inches at 
sea level 

Atmospheric Force due to weight 
Pressure balances of mercury 
the weight of 
mercury. 


Oo Oo Oo wo 





ABSOLUTE AND GAUGE PRESSURE 


There are two basic methods of measuring pressure. Namely 
those readings which take into account the atmospheric 
pressure we live in and secondly, readings which ignore at- 
mospheric pressure and start the scale at zero when the am- 
bient pressure is actually 14.7 PSI. 


Absolute pressure readings use a vacuum as their zero base. 


Atmospheric pressure on this scale would be 14.7 PSI or 30 
in-hg (29.92 in-hg). 


Gauge pressure readings are always 14.7 PSI lower than ab- 


solute pressure, since a standard pressure gauge will read O 
PSI at sea level. 


Therefore: 


“Gauge Pressure + 14.7 PSI = 
N Absolute Pressure 


SUCTION CONDITIONS FOR 
HYDRAULIC PUMPS 


With hydraulics, we concern ourselves only with absolute 
pressures when calculating the inlet conditions of the 
hydraulic pump. Dependent on the type of pump, and the 
specific conditions under which it must operate, the pump 
can be mounted either above or below the oil level in the 
reservoir. To assure proper pump operation, we should 
always check the pressure available to push the oil into the 
pump, and the pressure drop per foot of suction line. For the 
pressure drop per foot calculations, the viscosity at cold start 
up should be used. 


PUMPS MOUNTED ABOVE THE 
OIL RESERVOIR 





Most hydraulic pumps available today are capable of 
creating at least a partial vacuum. Air pressure on the oil in 
the reservoir pushes oil up the suction line, identical to the 
way mercury is supported in the tube of a mercury 
barometer. Since hydraulic pumps are not capable of ap- 
proaching the perfect vacuum of the barometer, the height of 
the pump above the oil level must be severely restricted: 


Atmospheric 
Pressure 
pushes oil into 
the pump. 








The pump creates 
a partial vacuum. 





Pumps available today, can normally create a vacuum con- 
dition equivalent tin inches of mercury (3 PSI under at- 
mospheric pressure, or 11 PSI absolute). Since 6 in-Hg is 
equivalent to 7.4 feet of oil (29.92 in-Hg = 37 ft-oil) the 
height of the inlet above the oil has a definite limit. Although 
7.4 feet would be the absolute maximum height of the inlet 
above the oil level, we must reduce this dimension even fur- 
ther when considering the pressure drop encountered in 
moving oil through the suction lines and strainers. 


Let us, for a minute, consider a 15 GPM pump capable of 
“lifting” 6 in-Hg that has a schedule 40 11⁄4” pipe 48” long. 
First, schedule 40 144” pipe has an inside diameter of 1.38 
inches. If we were to use this pump with Mobil DTE 24 (a 
150 ssu fluid) at 100°F, we would have to calculate the 
pressure drop under the worst cold start up conditions. 


Assuming the pump would have to start in a 30°F ambient 
this same fluid would display a viscosity of approximately 


1200 SUS. 
Thus, we can calculate the pressure drop per foot as follows: 


B L o L L TT 


For a 4 foot straight in suction line (not considering suction 
strainers or elbows) we would have an overall drop of: 


4x .27=1.08 PSI 
1.08 PSI is equivalent to 2.19 in-hg or 2.7 ft. of oil 


The maximum height of the pump above the oil level is now 
limited to 4.7 feet: 


7.4 ft- 2.7 ft = 4.7 feet 


Likewise an adequately sized suction strainer will add % to 1 
PSI (assuming the best): 


.9 PSI = 1.01 in-Hg or 1.25 ft of oil 


The maximum height, again, drops to 3.4 feet: 


4.7 ft. -1.25 ft. =3.4 feet 


Although the suction characteristics vary from pump to 
pump, and must be checked for each application, a good rule 
of thumb is: 


A hydraulic pump with adequately sized inlet 
pipe and strainer should never be mounted higher 


PEE a er 
ies 


PUMPS MOUNTED BELOW THE OIL 
LEVEL 


For pumps with inadequate suction characteristics, or where 
fine inlet filtration is required, additional force can be made 
available for pushing oil into the inlet by utilizing the static 
head pressure of the oil. We said before that for every foot of 
depth, oil creates a static head pressure of 0.4 PSI. All that 
needs to be done to take advantage of this positive pressure 
(above atmospheric) is to locate the inlet at some depth with 
respect to the oil level in the reservoir. Of course, the deeper 
the better. 





Under these conditions strainer, suction line, and fittings still 

subtract from the total pressure available at the inlet under a 

flow condition. Therefore, the total pressure available is 

considerably higher because we are starting at a level above 
atmospheric pressure. 


PUMP INLET CONDITIONS AFFECT 
NOISE AND HEAT GENERATION 


Usually, a mineral based hydraulic fluid, when exposed to at- 
mospheric pressure at room temperature, contains 8-9% (by 
volume) of dissolved air. If we reduce the pressure to this oil, 
to something less than atmospheric pressure, the air ex- 
pands and becomes a higher percentage of the volume. Con- 
sequently, if a pump is pulling a vacuum of 6 in-Hg at its 
inlet, more air and less oil is filling the pumping chambers 
than when we have a positive pressure of 1 PSI at the same 
inlet. The expanded gas bubbles at the inlet collapse with 
considerable force as the pumping chamber is exposed to 
system pressure. This rapid collapsing of air bubbles results 
in rapid energy losses in the form of heat and noise. Of 
course, the larger the air bubble the higher the noise level, 
and the more heat is generated. In high pressure pumps, the 
heat given off by this phenomenon is actually high enough to 
cause carbonization of the oil. This formation of carbon par- 
ticles can be a continual source of contamination in the 
system, and should be avoided. 
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UNITS FOR MEASURING 
PRESSURE AND VACUUMS 


Through the years, several standards have been used for 
measuring pressures and vacuums. We wish to mention 
those standards that are commonly used in our industry: 

1. Pounds per square inch — Pressure, by definition, 
is force over area, and in our English system of units, 
force is represented in pounds and area in square inches. 
Pounds per square inch is usually represented by PSI, 
and can be used to call out absolute pressure (PSIA), or 
gauge pressure (PSIG). 


2. The standard atmosphere is defined as the 


pressure that corresponds to a mercury height cf exactly 
76 centimeters in a mercury barometer at sea level and 
0°C. In consideration of the mass density of mercury 
(2) the acceleration due to gravity (g) (remember F=ma) 
and the 76 cm height. 


1 standard atmosphere = øgh = 











acceleration 
mass density duetogravity height 
13.595 x 10° kg x 9.80665 F x 0.76m = 
m sec 
1.01325 x 10° N/m? iN = Koay 
sec 


In the metric system force is represented in newtons (N), 
and area is represented in square meters. In converting 

the units from newtons to pounds and square meters to 
square inches, we find that: 


1 standard atmosphere = 14.7 PSI 


By definition, the atmosphere uses a vacuum as its base, 


so that pressure ratings in atmospheres are absolute 
pressures. : 


3. The Bar is another system of measuring pressure in the 


metric system of units. The bar has been defined as the 
pressure equal to one million dynes force over an area of 
one square centimeter. In converting 1 million dynes 
force to pounds force,and one square centimeter to 
square inches,we come up with the conversion factor of: 


1 bar = 14.5 PSI 


Since O bar is equivalent to a perfect vacuum, bar 
readings are also absolute. Likewise, the bar is quite 
close to the atmosphere in magnitude so that 1 bar can 
be thought of as atmospheric pressure at sea level. In ac- 
tual practice, however, bar ratings are assumed to be 
“gauge” unless otherwise noted; i.e., 315 bar is usually 
315 bar gauge. 


4. Pascals are units of pressure measurement and have 
been defined as one newton per square meter or: 


1 Pa = N/m’ 


Since this unit of measurement is quite small in 
magnitude (1 pa = 10-5 bar or 6897 Pa = 1PSI) this 
method of pressure measurement is usually represented 
in kpa (kilo pascals). Hence: 


6.89 kpa=1 PSI or 
100 kpa =1 bar 


The pa and kpa are SI units accepted for pressure 
measurement. by ISO (international Standards 
Organization). While the bar, most utilized by our in- 
dustry, is anon SI unit, it will be a matter of time until we 
see which units of pressure measurements will be 
adopted by the fluid power industry. 


WHAT YOU SHOULD KNOW 
ABOUT HEAT 


A shortcoming in many basic hydraulics courses is that not 
enough emphasis is placed on heat and its adverse affects on 
hydraulic systems. The tendency is to discuss how heat is 
generated in hydraulic systems,with no association as to how 
much. Since, hydraulic systems are the most compact 
means of transmitting energy, it is difficult to get a physical 
relationship to the huge amount of power which can be con- 
verted into heat, in a short period of time. Let us now take a 
look at what happens with too much or too little heat in 
hydraulic systems. 


TOO MUCH HEAT 


Unfortunately, the newcomer to hydraulics, until he gets 
burnt, so to speak, with his first system, really has no way of 
realizing just how efficient a heater a hydraulic system can 
be. We must remember that flow multiplied by pressure is 
the hydraulic equivalent to horsepower. Wherever we have 
flow from point A to point B in a system,with any loss in 
pressure, there is an equivalent loss of horsepower between 
points A and B. Since, a pressure loss occurs without doing 
useful work (causing mechanical motion), a percentage of 
the input horsepower is wasted. This wasted horsepower 
shows up in the hydraulic system in the form of heat. Of 


course, the higher the pressure loss and the higher the flow, 


the more we waste horsepower. Some typical examples 
where pressure is lost without doing useful work are sum- 


marized as follows: 
§ Enterprises 


Heat is generated when there is a drop 
in pressure as oil flows: 
— through pipes & fittings 
— through flow controls 
— over relief valves 
— across counter balance valves 
— internal leakage of pumps and motors 


If we know the flow rate (GPM), and the loss in pressure 
(PSI), across any device which does not produce mechanical 
motion, we can calculate the heat generated. 


Since the hydraulic system either does work, or creates heat, 
the units of heat may be expressed in any units of work or 
energy. However, we more often see heat expressed in BTU 
(British Thermal Units) than we do in ft-lbs of heat. 


1 BTU = 778 ft-lbs 


In effect, this shows that one BTU contains enough energy 
to move a one pound object 778 feet. 


In hydraulic systems we are more concemed with the rate of 
doing work or the power level of the system. We said earlier 
that one horsepower is 

ft-lb 


950 sec 


So that the relationship between mechanical power and the 
rate of generating heat would be: 





_550 ft-lbs, 1BTU _ .707 BTU 
1 HP = sec 778 ft-lbs sec 
OR 
707 BTU, 60 sec _ 42.4 BTU, 60 min _ 2945 BTU 
sec *T min min min lh hr 
Therefore, 


1 HB - 42.4 BTU _ 2545 BTU 

min hr 
To make this more useful for those calculating the heat 
generated by a hydraulic system,we can write the following 
expression: 


BTU _ 
HR =1.5 x GPM x PSI 


where PSI is the loss in pressure for a given flow rate which 
does no useful work. 


Let us now consider the following hydraulic lift circuit as an 
example: 
Lift circuit parameters: 
Constant load variation, 
Duty cycle 50% full speed, 
50% half speed, 
Maximum pump flow 20 GPM, 
Maximum pressure 3000 PSI 
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If we assume that at full speed and full load the horsepower 
required for upward motion is: 


20 GPM x 3000 PSI 
HP = =— 74 7 35 HP 
Since all the flow is required for full speed» and all the 
pressure is required to overcome the load, the relief valve 
stays closed and no heat is created. (Assuming a totally ef- 





For 1/2 speed we have only to supply 1/2 the flow, or 10 
GPM, at 1/2 the pressure,or 1500 PSI, to do the required 
work. With a fixed displacement pump, this means that the 
other 50 percent of the flow has to go over the relief valve to 
tank at the full 3000 PSI set pressure. Consequently, we 
develop a significant amount of heat: 


BTU/hr = 1.5 x 3000 x 10 = 45000 BTU/hr 
only because of flow across the relief. 


The second heat generator under these conditions exists 
because of pressure drop across the flow control. 


To Load 


1500 PSI Load 
Induced 
Pressure 


LS speed position of 
the selector valve. 


3000 PSI Relief 
Valve Setting 


& 


10 GPM Flow Rate 


From Pump 


This creates: 


BTU/hr = 1.5 (10 GPM x 1500 PSI) = 22,500 


BTU/hr 
The total power which goes toward generating heat is: 


45,000 BTU , £2,500 BTU _ 67,500 BTU 
hr hr hr 


By converting 67,500 BTU/hr to horsepower we obtain: 


1 HP 


2545 BTU/hr 26-50 HP 


67,500 BTU/hr x 


which is the same value we get by comparing input power 
and horsepower required to do useful work in the following 


chart, at the top of the next page. 

Let us now find out how much heat we really generate if we 
were to run the lift up and down for 1 hour with a 50% load, 
at 50% speed. 


UP - £7,500 BTU, 5 hr = 33,750 BTU 


DOWN = 89,075 BTU, 5 hr = 44,538 BTU 


ficient system with no pressure drop between the pump and. inn So 


the load). 


L Te cL Z 


Let us now look at the 1/2 speed, 1/2 load- up condition! ele 
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= Total, heat in one hour = 78,288 BTU 


pag geniérating héat at the rate of 78,288 BTU/hr this hydraulic 


Food 


ponents, and the top and bottom surface areas of the reser- 
voir allows a safety factor for minor changes in ambient tem- 
peratures, and inefficiencies overlooked in your estimation of 
heat generation. 


Once we know the rate of heat generation, and the ap- 
proximate radiating ability of our reservoir, we can determine 
the extra cooling ability we will have to provide with either an 
air/oil or water/oil, heat exchanger. 


Getting back to our example, a 60 gallon reservoir which is 3 
ft. long and 2 feet wide holds 60 gallons at a depth of 16 
inches (1 1/3 ft.). Therefore,the vertical surface area is 13 
square feet. If the system is operating in an ambient which 
does not exceed 80°F we have: 


BTU/hr = 2.54 x 13 x (140 - 80) = 1981 BTU/hr 


This means that we must provide additional coiling in the 
amount of 


78,288 BTU — 198) BTU 76,307 BTU/hr 


when operating at 50% speed and load. 


In actual practice, we would not want to design a system 
which creates this much heat. We only intended to show 
how a seemingly innocent circuit design can be nothing but a 
heat problem. 


Before going to a heat exchanger manufacturer 
you will need the following information: 


1. The heat in BTU/hr you wish to dissipate. 

2. The amount of oil flow you will be passing 
through the heat exchanger. 

3. The flow rate of water (GPM) you have 
available (assuming you are selecting a 
water/oil model). 

4. The inlet temperature of the water (or the am- 


bient air temperature for air/oil models) in °F. 


In actual application, you will need to know the pressure 
rating of the selected model, and you probably will be in- 
terested in the pressure drop for the flow rate you prescribed. 


In plumbing the unit, follow the recommendations of the 
manufacturer, but remember that it will do no good at all if 
hot oil can return to the reservoir without passing through 
the heat exchanger. Also, if you are piping case drain lines of 
pumps and motors through the heat exchanger, the model 
selected must have a low pressure drop for the total com- 


bined return flow, since most case drains cannot exceed 15 
PSIG. 
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®© A given amount of oil... 


TOO LITTLE HEAT 


A well designed system with proper cooling can still be a 
problem if we fail to consider (in the engineering stage) what 
the minimum temperature of the oil will be. On cold morning 
start-ups the oil may not be fluid enough to fill the expanding 
chambers in the pump. With inadequate filling the pump can 
not pump its rated volume, and serious cavitation problems 
may be imposed. 


The critical minimum temperature at which you can start 
your system will be affected by several factors. On the 
mechanical side, the capability of the pump to pump viscous 
fluids, and its ability to create a vacuum are important. 
Likewise, the inlet conditions {as already discussed) are a 
critical consideration. The maximum viscosity at cold start- 
up can vary from approximately 4500 SUS for bent-axis 
design piston equipment, to 4000 SUS for gear and vane 
pumps,toas lowas 1000 SUS for inexpensive in-line piston 
designs. The optimum viscosity range for most equipment is 
between 80 to 250 SUS at operating temperature. The 
viscosity levels given here are only average values, it is im- 
portant that you check the exact recommendations for the 
pump and motors you are using. 


The second determining factor on the minimum cold start-up 
temperature of your system is the type of oil used. The two 
oil ratings you must concern yourself with at this point is the 
overall viscosity at operating temperature, and its viscosity 
index. 


VISCOSITY 


RELATIVE VISCOSITY IS MEASURED IN SUS 





is uniformly 

heated 
to 

100°F. 






Heating 
Element 


LL (3) It then is allowed to 
pass through a 
standard orifice. 





j 


The elapsed time in seconds equals the 
viscosity in SUS at 100°F. 


= 


1 


NTR + 


DIRECTION OF 
CYLINDER 


LOAD | HP REQUIRED | HP INPUT TO PUMP WASTED 
FOR USEFUL NOT INCLUDING HEAT ENERGY 


HP BTU/hr 


WORK EFFICIENCY 


10 hp To override 
counterbalance 
271% 
35+hp 


L ‘ʻO ot 
POTENTIAL 
ENERGY OF 
LOAD DOES 


25,450 
69,987 
89,075 


WORK 


system could maintain a 70°F room temperature in an 
average 3 bedroom home on a U" E winter day. 


Referring to our circuit example, a 20 GPM pump in a good 
industrial hydraulic system would, more than likely, be 
mounted on a 60 gallon reservoir. Assuming that the 78,288 
BTU/hr would be total transferred to the 60 gallons of oil,and 
that the maximum recommended temperature for mineral oil 
is approximately 140°F you can readily see that the system 
would severely overheat in a matter of minutes. 


GUIDELINES FOR ESTIMATING HEAT 
GENERATION: 


1. Calculate the flow rate and pressure levels 
required to move the load. This will give you 
the ability to calculate the actual horsepower 


HP = (GPM x PSI) necessary to do the work at 
1714 





35+hp 
35+hp 
35+hp 


89,075 
89,075 
89,075 


6. Add the BTU figures of step 5 and determine 
the average heat generated during a one hour 
period. 


HEAT DISSIPATION 


Hydraulic reservoirs, pipes, hoses,and components radiate 
heat into the ambient air. Assuming that the heat generation 
rate from your system is low, it is possible that there is 
enough radiating surface to maintain stable oil temperature 
within the prescribed limits. Remember, for maximum oil / 
life,the system should never be allowed to operate above / 


140°F. 


With free air convection,a steel surface can radiate heat in 
an amount that can be calculated by using the following 
formula: 


BTU/hr = 2.54xareax AT 
the prescribed rate. Remember, you must do — 
this for each motion (forward and reverse) in “Bane = thehearradiated: 
the cycle. Area = the surface area of the steel 
2. For each motion, calculate the input that is in contact with the oil in 
horsepower to the pump: square feet. 
HP = GPM x PSI et = (overall pump AT = Desired oil temperature minus 


1714 (et) efficiency) 

3. Subtract the results from step 1 from the 
respective results in step 2 . This will give 
you the horsepower wasted in each portion of 
the cycle. 

4. Multiply this HP figure by 2545 BTU/hr to ob- 
tain BTU/hr heat generation, for each portion 
of the cycle. 

5. Multiply the BTU/hr figure in step 4 by the 
portion of the hour during which it occurs. 


ambient air temperature in 
degrees Fahrenheit. 


The problem with using the formula accurately is estimating 
the steel surface area that is in contact with the oil. Also, 
since the top plate of the reservoir has an air space between 
it and the oil, and the bottom is less efficient in its ability to 
radiate heat than the sides (remember heat rises), we can 
only estimate the radiation ability for a given system. A good 
guideline is to use only the vertical surface areas of the reser- 
voir in your calculations. The heat radiated from piping, com- 


Sunny Enterprises 
29/C, 1st Floor, Tauheed C 
* 24deGtreet, Phase V, DHA. Karachu-75500 


v Ted: 023-936-4607, 5863754, Fax: 5304612 


1-19 


innings 


A fluid’s viscosity is a measurement of its resistance to flow. 
For the purposes of this chapter we need only concern our- 
selves with the most practical way of measuring relative 
viscosity; that being measuring the SUS viscosity of the fluid. 
Relative viscosity is nothing more than the measurement of 
time necessary for passing a given amount of the selected 
fluid through a standard orifice at a prescribed temperature. 
The SUS (saybolt universal second), a name derived from 
the type of viscometer used, is the time measurement of fluid 
passing through an orifice (usually at 100°F). Since thicker 
fluids will take more time to flow through this orifice than 
thinner ones, thicker fluids have the higher SUS number. 


VISCOSITY INDEX 


It's a well known fact that heated viscous fluids become 
thinner. With mineral oils, the viscosity varies drastically with 
relatively small temperature changes. The resistance of an oil 
to change viscosity with a change in temperature is denoted 
by an arbitrary measurement called the viscosity index. A 
fluid which is quite thick when cold and very thin when hot, 
has a low resistance to viscosity change, thus it is assigned a 
low viscosity index number. A fluid that has a relatively 
stable viscosity for a given change in temperature has a high 
resistance to a change in its viscosity, and would be given a 
high viscosity index number. High VI oils have a Viscosity In- 
dex number over 80, medium VI fluids between 40 and 80, 
while low Viscosity Index fluids are given a number less than 
40. The graph shows a comparison of fluids with both high 
and low V.I. numbers. 


a 50VI fluid with a 300 SUS 


This line shows 
| viscosity at 100°F. 
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DETERMINING TEMPERATURE RANGE 


You will notice in the above viscosity temperature graph, we 
have indicated the viscosity parameters for a "gical 


3, 
Ent 


hydraulic pump. We now wish to point out the temperature 
limits for a 50 VI, 95 VI and a 150 VI oil, all of which display 


a 150 SUS at 100°F viscosity. 
150 VI 











50 VI 95 VI 
rier [oe [on 
85 -130°F |80-135°F! 70-140°F 


“Although the viscosity is acceptable, the 
maximum operating temperature should be held 
to 140°F, so that maximum oil life can be main- 
tained. Also, most industrial hydraulic pumps, for 


mechanical reasons,are not allowed to operate 
above 160°F. 





Optimum 

Temp. Range 
Max. 
Operating 
Temp.“ 
















If, in a system,the start-up temperature could allow the oil to 
approach the maximum viscosity limit of the pump, a 
provision should be made for heating or pre-heating of the 
fluid. 


HEATING A HYDRAULIC SYSTEM 


As long as the viscosity is within the maximum pump limits, 
a system can be started and brought up to temperature by its 
own heat generating abilities. With an extremely efficient 
hydraulic system, the rate of heat generation may be close to 
the dissipation rate of the reservoir. Therefore, precautions 
should be taken so that you may be assured of optimum 
operating viscosities being reached in a reasonable period of 
time. To speed-up the warming period it is possible, in some 
systems, to make use of the most inefficient mode of 
operation, since this will generate the most amount of heat. 
For example, by deadheading a flow against a “bottomed- 
out” cylinder, the pump is forced to pump all of its flow over 
the relief valve. Although this is not desirable under normal 
operating conditions, it makes good use of the hydraulic 
heating capabilities for system warm-up. In initial system 
design it is possible to build-into the circuit a warm-up stage. 
so that the pump intentionally pumps its full output over a 
relief. 


Precautions: The above recommendations are viable only if 

the following considerations have been taken into account: 

1. Fluidsare within the maximum viscosity limits of the 
pump. 

2. Optimum temperatures can be achieved within a 
reasonable time period. 

Proper safe (ak) have been provided, so that the 
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system only operates in the warm-up mode until 
satisfactory temperatures have been reached. 


PRE-HEATING 


If the ambient temperature allows the oil to cool to a point 
where the oil viscosity exceeds the limits of the pump, it will 
be necessary to provide some means of pre-heating the oil. 
The usual method of pre-heating is to install one or more im- 
mersion type electric heating elements in the lower part of 
the reservoir. Immersion heaters are normally controlled with 
a built-in thermostatic switch to avoid the possibility of ac- 
cidental overheating of the oil. 


Thermostat Ñ Heating Element 





NPT Thread 


HEAT DENSITY AND OIL CARBONIZATION 


Standard immersion heaters, as purchased at a local electric 
supply store, are normally intended as water heaters and 
have a heat density of approximately 40 watts per square 
inch. For normal convection heating of oils this heat density 
is too high and will burn (or carbonize) the oil in contact with 
the element. To avoid burning of the oil, the heat density 
must be limited to 10 watts per square inch. 


Although heating elements are available which are designed 
for heating non circulating hydraulic oil, you can make use of 
locally available inventories by purchasing a unit which is 
rated for a higher voltage than you intend to use. By 
operating an immersion heater at 1/2 its rated voltage its KW 
output, and its heat density is reduced to 25% of the name 
plate ratings. 


Example : 
A 480 volt, 4 kw heater with a heat density of 20 
watts/in?, produces 1 kw at a heat density of 5 watts per 
square inch when operated on 240 volts. 


at N 


SIZING IMMERSION HEATERS 


r 


If all we had to do, is to heat a volume of oil from a low to . 
a high temperature. then by supplying “x” number of BTU's, | 


we would have put enough energy into the fluid to raise its 
temperature to the desired level. Unfortunately, the 
calculations are not that simple. What happens is that the 
heat dissipating capabilities of the reservoir (asdiscussed 
earlier) start working as soon as we heat the oil above the 
ambient temperature. Of course the higher the desired tem- 
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perature, the higher the temperature difference,and the more 
heat we radiate to the ambient. To avoid complicated ther- 
modynamic calculations, the total wattage required can be 
estimated accurately enough, for our purposes, from the 
following equation: 


KW = desired ambient 
Tank capacity (gallons) x (temp°F - temp°F) 


800 x allowable time (hours) 


The above formula estimates the kilowatts (kw) required to 
achieve the desired temperature in a given amount of time. 
The time allotted for heating should be at least 1 hour, 
however, if possible 3 hours is preferred : 


The following conversion factors may be helpful in your 
calculations: 


1 HP -2345 BTU _ 746 WATTS =.746 kw 


or 


1 WATT =3.4 BTU/hr 


CONCLUSION 


In this chapter we have attempted to cover the physical 
elements which must be understood to properly apply 
hydraulics. It will be important for you to gain a basic un- 
derstanding of the following terms: 


Energy 

Force 

Torque 

Motion 

Velocity 

Load 

Resistance 

Inertia 

Acceleration 

Power 

Pressure 

Orifices and Pressure Drop 
Flow 

Series and Parallel Circuits 
Head Pressure 

Vacuum 

Absolute Pressure 


_-Gauge Pressure 
‘Viscosity 


Viscosity Index 
Heat 


With a solid foundation of the concepts presented in this 
chapter, it will be relatively simple to understand the 
operation and proper application of the various hydraulic 
components, which will be covered, in detail, in subsequent 
chapters. 


USEFUL MECHANICAL FORMULAS 


WORK: 


W=FxD 

F = force in Ibs 

D = Distance in inches or feet 
units are expressed in 


(in - lbs) or (ft - Ibs) 


FORCE REQUIRED FOR LINEAR 
ACCELERATION: 


F = Ma 
F = force in lbs weight (Ibs) 
M = mass in slugs = 32.2 ft/sec? 


a = acceleration = ft/sec? 


LINEAR ACCELERATION: 


V 
a=— 

T 
a = acceleration ft/sec? 
v = velocity ft/sec 


T = time in seconds 


ACCELERATION DUE TO GRAVITY: 


g = 32.2 ft/sec’ 


HORSEPOWER: 


550 ft -Ibs 


sec. 


1 HP = 


TORQUE: 


T=Fxr 
T = torque in lb - in: 
F = force in lbs 

r = radius in inches 


HORSEPOWER & TORQUE RELATIONSHIP: 


T = HP x 63025 + RPM 
HP =T x RPM +- 63025 
T = torque in (Ib - in) 

T = HP x 5252 > RPM 
HP =T x RPM +- 5252 
T = torque in (Ib - ft) 


HEAT: 


1 BTU = 778 ft - lbs. 


HP & HEAT RELATIONSHIPS: 


1 HB - 42.4 BTU _ 2545 BTU 
min hr. 
=746 Watts = .746 KW. 


AREA OF A CIRCLE: 


Å = nr? 
A = area lin?) 
r = radius in (in) 


n=3,14 
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USEFUL HYDRAULIC FORMULAS 


REQUIRED FLOW RATE: 


a) For cylinders: 


_AxV 
GPM SC CYS 


A = area in (in?) 
V = Velocity in (in/min.) 


b) For — — 
_Dx 
GPM = 031 — 


D = displacement in (in?/rev) 


VELOCITY OF FLOW THROUGH PIPES: 


y —- GPM x 0.3208 
— A 


V = Velocity in feet per second 
A = inside opening area in (in?) 


REQUIRED PRESSURE: 


a) Cylinders: 


PSI =E or F=PSIxA 


F = force in (lbs) 
A = Area in (in?) 


b) Motors: 


_ 2nT 
PSI = D 
T = torque in (Ib - in.) 
D = displacement (in3/rev) 


PRESSURE DROP THRU PIPE: 


p-—VxF 
18300 D: 


P = pressure drop per foot 
V = viscosity in SUS 

D = inside diameter (in) 

F = flow in GPM 
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HYDRAULIC HORSEPOWER: 


PM x P 
vip: a 


HP- = Theoretical HP 
b) Input to pump: 


_ GPM x PSI 
HPin = 1714 x (et) 


et = overall pump efficiency 
c) output of Hydraulic Motor: 


et = overall motor efficiency 


HEAT GENERATION: 
BTU/hr = 1.5x GPMx PSI 


PSl=Pressure loss which does not produce work 


HEAT RADIATION OF A HYDRAULIC 
RESERVOIR: 


BTU/hr = 2.54 (Av) (AT) 


BTU/hr = Heat radiated 
Av = Vertical tank area in contact with oil 
AT = Desired oil temp minus ambient air 


temperature in degrees Fahrenheit 


ESTIMATING IMMERSION HEATERS: 


_VxAT 
KW =-500 T 
V Tank capacity gallons 


AT (desired - ambient) temperature in degrees 
Fahrenheit 

T = Time in hours 

KW = Input heat required. 


USEFUL CONVERSION FACTORS 


The equivalents given can be used per the following example: 


12 in. = 1 ft. 
a) to convert 36 in into feet: 


360) x- DT 3 feet 
b} To me 4 ft into inches: 
— lin) _ 48 inches 





VOLUME: LENGTH: 
1 gallon = 231 in? 1 inch = 25.4 mm 
1 gallon = 3.785 liters 1 meter = 39.37 inches 
1 liter = 61.02 in.’ 1 micron = .000039 inches 
PRESSURE: POWER: 
1 bar = 14.5 PSI 1 HP = 1.014 metric HP 
1 atmosphere = 14.7 PSI 1 HP = .7457 Kw 
1 kg/cm? = 14.2 PSI 1 HP =42.4 BTU/min 
1 in-hg = .4912 PSI 1 HP = 2545 BTU/Hr. 
1 bar = 100 kpa 1 HP = 550 ft - lb/sec 
1 PSI = 6.89 kpa 
FORCE: 
SPEED: 1 N (newton) = 0.2248 Ibs. 
1 ft/sec = 0.3048 M/sec 
USEFUL DATA 
HORSEPOWER INPUT TO PUMP: OIL COMPRESSIBILITY : 
1 HP = 1 GPMat 1500 PSI For every 1000 PSI there is a reduction in oil volume of 4%. 
ROLNE Aue OIL TEMPERATURE: 


At room temperature standard hydraulic oil contains 8 - 9% 


— Oil temperature should never be allowed to exceed 140°F. 


FLOW VELOCITIES: PUMP MOUNTING : 
Suction Lines 2-4 ft/sec Hydraulic pumps should never be mounted higher than 3 ft 
Return lines 10-15 ft/sec above the minimum oil level in the reservoir. 
Working lines (500 to 3000 PSI) 15 to 20 ft/sec 
Working lines(3000 to 5000 PSI) 20 to 30 ft/sec PUMP & MOTOR CASE DRAINS: 
Most pump or motor case drains cannot exceed 15 PSIG. 
HEAD PRESSURE : 
Oil creates a pressure due to its weight of 0.4 PSI per foot of VISCOSI Ty AT START-UP: 
depth. Maximum viscosity at start-up ranges from 1000 for inline 


piston pumps to 4000 SUS for gear and vane equipment. 
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CHAPTER 2 


PRESSURE CONTROL VALVES 


The sheer existence of the world in which we live, depends 
on the interaction and the balancing of forces. From baby’s 
first breath, to the complex network of forces holding our 
solar system together, forces are constantly acting and re- 
acting to keep eneray in equilibrium. From the beginning of 
time, man’s unyielding quest to understand and to 
manipulate the interaction of forces has made our world a 
better place. In Chapter 1, we have shown how pressure 
relates to force in a hydraulic system. This chapter will be 
devoted to an understanding of various pressure controls, 
and of how we can manipulate forces through the use of 
hydraulics. 


In general, there are five basic functions which can be per- 


formed by pressure control valves, namely: 


Relief Valves: First, limit the maximum system_pressure 


which, in turn, protects system components, piping and 
tubing; and second, limit the maximum output force of the 
hydraulic system. = E 





Reducing Valves: are used to limit a certain branch of the 
hydraulic circuit to a pressure lower than the relief valve 
setting for the rest of the system. By reducing pressure in 
the secondary circuit, we can independently limit the out- 
put force to that in the primary circuit. 


Sequence Valves: are used to assure that one operation 
has been completed before another function is performed. 
They operate by isolating the secondary circuit from the 
primary circuit until the set pressure is achieved. The flow 
of fluid is then sequenced from the first to the second cir- 
cuit. Primary pressure must be maintained for the secon- 


dary function to be performed. Sequence valves establish 


an order for the interaction of forces. 


— — — = 


Counterbalance, overcenter or brake valves: are a broad 
range of pressure valves which control a load induced 
pressure to hold and control the motion of a load. This 
group of valves provides balancing forces which prevent 
the load from running away because of its own weight or 
because of inertia. 


Unloading Valves: are usually used in circuits with two or 
or in circuits incorporating accumulators, _ 


The valve operates by sensing pressure in the system 
downstream of a check valve. Once a certain pressure 
level is obtained, the unloading valve unloads its pumps to 
tank. The check valve isolates the unloaded pump from 
the rest of the system. System pressure is then main- 


tained by the accumulator or by a smaller volume higher 
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BASIC PRESSURE VALVE 
OPERATION 


All types of pressure valves function by balancing a hydraulic 
force with a spring force. You will notice that from the sim- 
plest direct operated design to the most sophisticated pilot 
operated model, the spool, poppet, or ball is held in position 
by an adjustable spring. Opposite this spring force is an area 
which is exposed to system pressure. 










| 

is balanced by 
an adjustable 
spring force. 


Force due 
to pressure... 


Basic Operation 


We know that force due to pressure is: 


Force = Pressure (lbs) x Area (in)? = Ibs. 
(in)? 


To balance this force, we use a spring which can be com- 
pressed by some adjustable mechanical means. Com- 
pression springs exert a force proportional to the amount 
they are compressed. Depending on the stiffness of the 
spring, the increase in force can be very high per inch of com- 
pression, or it can be very low. For any given spring, a 
numerical value is assigned which indicates the spring stiff- 
ness. This value is called the spring constant and has the 
units (lbs / in). Consequently, 


Spring Force = kX 


Where: k= Spring Constant 


X = Compression length (in.) 


BA 'saBtreet, Phase V, DHA Karachy-75500 
Toh G21-8304607, SRI, Res TIOL 


Raih — 2-1 


PRESSURE CONTROLS 
MUST MODULATE 


Since any pressure control must handle a dynamic flow of 
fluid, it must modulate to maintain the balance between the 
spring and the hydraulic force. When functioning, these 
valves are in constant motion (internally) at one of the many 
positions between fully open and fully closed. In this way, 
they pass just enough fluid to keep the system pressure at 
valve setting. 


With the understanding that all pressure valves balance a 
hydraulic force by a spring force in a dynamic condition, we 
now wish to discuss, in detail, the various valve types. 


PRESSURE RELIEF VALVES 


exerted on one square inch, 
develops 100 Ibs. force on 
every square inch of the 
container. 


t A one-hundred pound force, 









However, if the ball 
also has a one 
square inch area 
exposed to the fluid, 
and the spring only 
exerts a force of 








This ball seals 
against the end of 
the pipe and is held 
there by the spring. 


the pressure in this fluid cannot get higher than 
50 PSI, because the ball will be pushed away 
from the end of the pipe, allowing the oil to 
escape. 





The purpose of a relief valve is to limit the maximum 
pressure in the system to which it is connected. Although 
pressure is generated by the load, the hydraulic pump is the 
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energy input. Since we want to limit the energy source, the 
inlet of the pressure relief is usually piped into the hydraulic 
circuit as close to the outlet of the pump as possible. The 
valve is piped in parallel to the pump, which gives the output 
of the pump two possible flow paths, either to the system or 
over the relief, depending on which is the path of least 


resistance. 


The relief is a normally closed valve which keeps the flow of 
fluid in the system until its pressure setting is reached. Once 
the valve opens and oil flows through it, energy in the 
pressurized fluid is expelled in the form of heat. Pressureless 
fluid from the relief valve’s outlet is then returned to the reser- 
voir through the tank port connection. 














To System 
The inlet f S N 
of the Beene Rr Fn) | 


relief 

valve is = 

position- (2) The valve 

ed as being nor- 
close to mally closed, 


the ( keeps the 
outle flow of fluid 
of the in the system 
pump © until the 

as pressure 
possible. setting has 


been reached. 


When the path of least resistance is through 
the relief, heat is created as pressure is ex- 
pelled from the fluid. 


Normal Location of a Pressure Relief 


A second source of energy input which often must be limited 
by the relief is that generated by the inertia of the load. 


As shown in the two examples, the load can also be an 
energy source which must be limited to prevent damage to 
the system components or piping. The system can be pro- 
tected from shock loading or inertia overloading by using 
either a port or crossport relief between the actuator and the 
rest of the hydraulic circuit. 


Port reliefs are piped into the hydraulic system at the ac- 


-tuator the same way main system reliefs are piped into the 
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Crossport Reliefs 
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Directional Control 


From Pump 


Other Uses for Pressure Relief Valves 


system at the pump. Any pressure overload in the service 
line to which they are connected is simply relieved to tank at 
valve setting. In some applications, other circuit precautions 
must be taken to prevent cavitation in the low pressure side 
of the actuator. As shown in the example, a make-up check 
allows the actuator to draw oil from the reservoir as the 
piston is displaced downward. 


A second way of preventing cavitation in the actuator is sim- 
ply to relieve its outlet port to its inlet. During the overrunning 
load condition, the actuator actually becomes a pump, 
drawing oil into its inlet and pumping pressurized fluid out of 
its outlet. A crossport relief value simply adds resistance to 
flow as it short circuits the outlet and inlet of the actuator. 
Although this works satisfactorily only with actuators which 
have equal displacements in both directions of operation 
(double rod cylinders, motors, and rotary actuators), cross 
port reliefs are almost mandatory when the rotary motion of 
a hydraulic motor is blocked by a closed center directional 
control. 


In selecting a valve to be used as a port or crossport relief, 
choose one which responds quickly and has little or no 
leakage when seated. Reliefs used in these applications 
should be set at least 150 PSI higher than maximum load in- 
duced pressure. This assures that the relief will not influence 
normal operation of the system, while, at the same time, it 
will provide relief protection the moment pressure rises 
above that induced by the load. One last precaution for 


crossport applications: a relief must be chosen which can 
withstand full system pressure on its tank port. By studying 
the previous example, you can see that under normal system 
conditions the tank port is exposed to full load induced 
pressure. 


TERMS 


In discussions involving relief valves, the following terms are 
used to describe their operating characteristics. A basic un- 
derstanding of these terms is essential in understanding the 
features of various relief valve designs. 


“Cracking Pressure is the pressure at which the valve just 


begins to let oil escape’ from the system. 


Full Flow Pressure is the pressure needed to pass all of the 
output flow of the pump through the relief. 


Pressure Override is the difference between full flow pressure 
and cracking pressure for any particular valve. Pressure 


override is higher than cracking pressure for several reasons. 


First, the valve itself is a restriction (orifice), and the higher 
the flow across an orifice, the higher the pressure drop. Since 
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the outlet of the relief is exposed to atmospheric pressure, 
the increase in pressure drop, with increased flow, is solely 
an increase in pressure at the valve’s inlet. 


Second, in any pressure control (he ball, poppet, or spool is 
directly supported by a spring. If the spring tension is ad- 
justed so that the valve just “cracks” at, say 3000 PSI, then 
the poppet moves just far enough from the seat to let the first 
drops of oil out of the system at this pressure. 


When a bigger opening is required to pass more of the output 
of the pump, the poppet must be moved further from its seat. 
In moving the poppet, the spring must be compressed more, 
which in turn increases spring force and hydraulic system 
pressure. 


A less obvious reason for pressure override is that a loss of 
effective area occurs as the poppet moves away from the 
seat. When the relief is closed, the effective area can be 
calculated by using the full inside diameter of the seat. 
However, when the poppet moves away from the seat, the 
theoretical point of pressure loss occurs along the per- 
pendicular line between the poppet and the seat. As shown 
in the diagram, this can cause a substantial reduction in the 
effective area. 
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| Theoretical Point Where 
Pressure Is Lost 


Full Effective Area 


/ Hysteresis is pressure variation between pressure increase 


and pressure decrease as related to flow. 


Reseat Pressure is the pressure at which the valve closes 
again. 


⸗ Stability is the fluctuation in pressure at any given setting. 


Overshoot is the pressure rise above set pressure during the 
short time period when the valve is responding. 


HOW IMPORTANT ARE THE 
VALVE’S PRESSURE OVERRIDE 
CHARACTERISTICS? 


In general, hysteresis, reseat pressure, and overshoot are 
values which are not detectable on a pressure gauge. Minor 
instability also has little influence on the satisfactory 
operation of the system. Therefore, unless you are looking 
for very precise control, you need not be too concemed with 
those items which need electronic equipment to detect. But, 
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how does pressure override affect the operation of a system? 
Let us now consider a 10 GPM pump operating with a relief 
valve which displays a 500 PSI override between cracking 
and full flow pressure. Although override characteristics are 


TYPICAL PRESSURE VS. TIME GRAPH 


First. if we are looking for maximum efficiency, we would 
want to set the relief valve at 1000 PSI since this is all the 
pressure that is needed to obtain the required force. We find, 


GPM 


however. that when the cylinder bottoms out, our pump 
flow is relieved to tank at 1500 PSI rather than at the initial 
setting of 1000 PSI. Although all flow across a relief tums 
energy into heat, a 500 PSI override increases our energy 


loss by 33%. or a net increase of 3¥2hp for this particular 
example. 


not perfectly linear, our example is intended only to show the 
effect of pressure override on the system. For convenience 
sake. we will eliminate all circuitry except for the pump, relief 
valve, cylinder and load. 


PRESSURE (PSI) 


10 





FLOW (GPM) 





Second, if the cylinder encounters a slight increase in load, 
say 250 pounds, ideally, we would want our system to stall 


since it was our original intent to limit the output force to 
Sunny Her priz (Pakyoo Ibs. In actual practice, however, we find that the 
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system will do the work at approximately half speed, while 
wasting the other 50% of our power input in the form of 
heat, as oil flows across the relief. When the load is 
mechanically stalled, our pressure again rises to 1500 PSI 
creating 500 lbs. more thrust than originally intended. 


DIRECT ACTING RELIEFS 


Direct acting (operated) reliefs are valves in which the spring 
force directly opposes the hydraulic pressure force. It stands 
to reason that a given spring constant can only be optimum 
for a given pressure level. Therefore, most direct operated 
valves have several spring options to cover the different 
operating pressure ranges. The spring constant has varying 
effects on the valve’s operating characteristics, which are 
more or less related directly to the actual valve design. Under 
the worst conditions, the relief can have a very narrow ad- 
justability range due to the spring constant’s influence on 
pressure versus flow characteristics, hysteresis, and stability. 
With other designs, the only real effect is on sensitivity of ad- 
justment. In the family of direct operated valves, several 
designs are offered by various manufacturers. We now wish 
to study the intended use and operation of the most popular 
designs. 


BALL TYPE RELIEF 


Although this is the simplest in design, the ball relief valve is 
probably the least desirable. Its disadvantage is that it can 
only handle small flows (usually less than 3 GPM) before it 
becomes noisy. The noise is developed when the ball lifts 
from its seat and begins to chatter in the flow stream. Of 
course, the higher the flow, the more unstable the ball 
becomes. The instability of the ball shows up in bad pressure 
fluctuations in the valve’s performance characteristics. 
Therefore, its use should be limited to infrequent duty safety 
relief, thermal expansion relief, or remote pilot for a pilot 
operated pressure control. 


Pressure 
Port 
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POPPET STYLE RELIEFS 


The simple poppet design has operating characteristics 
similar to those of the ball design. This design, however, is 
somewhat more stable, since the cone has a tendency to 
center itself in the flow stream, where the ball is more likely 
to roll on top of the stream of fluid. Because it is somewhat 
more stable, it can handle slightly larger flows without ex- 
cessive noise. Pressure override with a poppet style relief is 
as undesirable as it is with the ball style relief. Its use should, 
therefore, be limited to infrequent duty or for remote piloting 
in low flow applications. 
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Typical Pressure vs. Flow Characteristics for a 
Simple Poppet or Ball Style Relief. 


GUIDED POPPET DESIGN 


By guiding the poppet with a close tolerance fit, direct 
operated reliefs can technically be made to pass considerably 
more fluid without the instability problems associated with 
unguided models. A problem arises in mechanically guiding 
the poppet because the poppet guide blocks the free flow of 
fluid to tank once the valve opens. To overcome this 
problem, with most designs, the oil flows to tank through 
cross drillings in the poppet. This, of course, is a restriction 
which limits the maximum flow capacity of the valve. 
Although stability and noise are improved, this design still 


has a problem in overcoming pressure override with in- 
creased flow. In general, precautions must be taken not to 
exceed the recommended flow, since high velocities through 
the cross drillings in the poppet can cause a severe whistle. 


Although this design is basically intended for use as a remote 
pilot control, it can also be used as a main system relief in 
low powered systems. Before selecting this design, however, 
you should consider the effects pressure override will have 
on satisfactory system operations. 





Pressure 
Port 


DIFFERENTIAL PISTON 


We said before that the poppet area exposed to system 
pressure creates a force which is opposed by a spring. If we 
were able to design a valve in which the exposed poppet area 
was only a small percentage of the final open flow area, we 
could have a direct operated relief capable of handling larger 
flows with a relatively lighter spring than a basic poppet 
design. This is exactly the principle used in the differential 
piston design. The lighter spring has a lower spring constant. 
Hence, pressure override due to length of compression can 
be reduced. 


You will notice in the cross-sectional illustration, that by 
locating the pressure port on the same side of the seat as the 
poppet, the nose of the poppet, which extends through the 
seat, is exposed to atmospheric tank pressure rather than to 
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system pressure. The only effective area for system pressure 
to act upon is the ring area, which has an ID of the seat, and 
the OD of the sliding fit of the poppet quide. As you can see 
in the figure, the area can be easily changed by proper pop- 
pet design to optimize the required spring force to balance 
the smaller hydraulic force. 


The only major problem with most differential piston designs 
is that once they open, the nose of the poppet enters the 
pressurized flow stream. A drastic increase in the effective 
area can occur, and the spring can no longer close the valve. 
To overcome this problem, the nose of the poppet has a but- 
ton machined on it, which disturbs the flow path to the tank. 
This captures the velocity head of the fluid, which assists in 
closing the valve. Unfortunately, the poppet nose restricts 
the effective flow area to tank. This orificing can have a 
detrimental effect on the pressure override characteristics of 
the valve. Nevertheless, the advantages offered by the dif- 
ferential piston are in some way incorporated in most high 
pressure, high flow, direct operated designs. 


THE GUIDED POPPET WITH DYNAMIC ASSIST 


This direct operated relief valve overcomes the typical per- 
formance problems which are normally associated with 
direct operated designs. As mentioned, the problems include 
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bad pressure override, noise, instability and a narrow range 
of adjustability. Let us now consider each problem in- 
dividually, and the design feature incorporated to overcome 
this problem. 


Pressure Override 


We know that with direct operated reliefs, pressure override 
occurs because of increased spring force with additional 
compression, loss of effective area with poppet opening, and 
additional pressure drop due to increasing flows. All of these 
are physical facts which exist, and, therefore, must be dealt 
with to give good performance specification. With this 
guided poppet design, a wing is incorporated on the poppet 
just above the seat. The advantage of the wing is that a 
hydrodynamic lifting force, similar to the aerodynamic force 
which lifts an airplane wing, helps open the poppet after 
cracking pressure -has been reached. The wing area and 
shape can be optimized so that the valve uses the kinetic 
energy, or momentum of the fluid at high velocity, to coun- 
teract exactly the increased spring force and the loss of area. 
This results in a perfectly flat pressure vs. flow curve. 
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Pressure (PSI) 





Flow 


(GPM) 
Pressure vs. Flow Graph 


Noise 


Two basic noise generators in relief valves are poppet and 
spring chatter and high velocity oil. As mentioned 
previously, we can mechanically guide the poppet. However, 
when this is done, the mechanical means incorporated can 
cause obstructions in the free flow path to tank. By placing a 
“nose guide” on the high pressure side of the seat, we take 
the guiding mechanism out of the oil path to tank, allowing a 
360° divergent flow path as formed by the wing. High 
velocity through cross drillings is overcome, eliminating the 
whistle. Since the poppet is not allowed to move laterally, 
spring and poppet chatter is also eliminated. Consequently, 
the relieving function is quiet at any flow rate. 


Stability 


If you ever tried to hold your thumb over the stream of water 
coming from the end of a garden hose, you can understand 
how erratic the poppet position can be in the stream of oil. 
Each lateral or vertical motion of the poppet, no matter how 
small, compresses or relaxes the spring. This rapid changing 
of spring position shows up in instability on the pressure 
gauge. Guiding the poppet eliminates the possibility of lateral 
movement and helps the stability of the relief. However, we 
must also concern ourselves with erratic axial movement. 


The nose guide not only guides the poppet, but also serves 
as a shock absorber. System pressure fills the can in which 
the nose guide rides. Small metering notches on the guiding 
lands restricts the oil transfer from one side of the land to the 
other. Since the oil must transfer for poppet motion to occur, 
erratic axial motion of the poppet is dampened. 


Adjustability Range 


Although the guided poppet with dynamic assist does not 
conform to the basic design of differential piston relief 
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valves, you can see from the diagram that a hydrostatic 
balancing force exists which greatly reduces the effective 
area which is exposed to pressure. 


Since system pressure works only on a small area, the spring 
can be much lighter than that needed to balance the force 
created by the full area of the poppet. A lighter spring means 
fewer pounds per inch compression (spring constant k), and, 
therefore, a larger adjustability range. In actual practice, the 
higher pressure relief valves can be adjusted quite low 
without adversely effecting performance. A 3000 PSI spring 
can easily be adjusted from 300 to 400 PSI with only an ex- 
pected loss of adjustment accuracy. 


SYMBOLS 


The direct acting relief valve is represented by a square. The 
pressure sensing line (pilot line) is represented by the dash 
line, and is directly opposed by the spring force. The arrow 
position shows that the valve remains closed until the 
pressure force overcomes the spring force and pushes the 
arrow over so that the flow is directed to tank. 


Pressure Port 


Pressure 
| directly 
Arrow indicates ita aa the 
adjustable pring 
spring force. 
The arrow shows the 
Tank Port valve is closed until 


pressure exceeds the 
spring and movesthe 
arrow to connect the 
pressure to tank. 


PILOT OPERATED PRESSURE 
RELIEF VALVES 


The pilot operated relief performs the same function as the 
direct operated design in that it seryes to protect the system 
components from G yressure, and it limits the maximur 

utput force. This * however, offers advantages in both 


O 
Sérsanlity and performance which make it more desirabl 


than direct operated valves. 






As already discussed, direct operated valves are limited in 
their capability to handle large flows at high pressures. 
Although some designs are more capable than others, the 
pilot operated design is really the only way to relieve flows of 
more than 75 GPM. The major disadvantage is that large 
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valves have larger poppet areas exposed to system pressure. 
This larger area multiplied by high pressure creates a need 
for an undesirably large spring. For this reason, pilot 
operated valves use the principle of the “hydraulic level” to 
multiply the force of a smaller spring. 


(3) then on this area 
of 10 square 
inches we have 


10,000 Ibs. force (1) If this spring 
keeping the poppet pushes with 
closed. ' 1000 pounds... 
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) and this area is 
1 squareinch... 


(4) This spring can be much smaller 
than the spring that would be 
needed to exert a 10,000 Ibs. force 
on the big poppet (1000 PSI x 10 
sq. in. = 10,000 Ibs.). 


BASIC PILOT OPERATED CONSTRUCTION 


The pilot operated relief is nothing more than two separate 
direct operated reliefs combined into one unit. One section is 
a relief designed to handle high flow at low pressure, while 
the pilot relief handles high pressure at very low flows. Let us 
consider the low pressure high flow portion. | 


The main valve consists of a housing with a pressure inlet 
and a tank outlet. Like a simple direct operated relief, 
pressure is blocked from tank by the main poppet or spool. 
The poppet is held against its seat (or the spool is held in the 
closed position) by a light spring force. Since this portion of 
the relief must handle large flows, the main poppet has a 
relatively large poppet area exposed to the system pressure. 
The combination of a large area being supported by a light 
spring makes the valve capable of handling large flows at low 
pressures. Since this portion uses a weak spring, it has a low 
spring constant which does not result in a high pressure 
override. 


The pilot valve is also a simple direct operated relief. 
However, this valve incorporates a stiff spring used in con- 
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Light spring force Drain for oil which 
against poppet leaks by the poppet 
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Large poppet area allows 
a big opening to tank 


when the valve opens LOW PRESSURE 


HIGH FLOW 


junction with a small area exposed to system pressure. This 
makes the pilot valve capable of handling high pressures but 
very little flow. Should this section have to handle large 
flows, the stiff spring constant and small seat area would 
result in objectional pressure override. 


Small Area Stiff Spring 
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HIGH PRESSURE 
SMALL FLOW 


By using these two components to accomplish a single func- 
tion, we obtain the ability to handle large flows at high 
pressures. Let us now take a closer look at the static and 
dynamic interaction of the two sub-assemblies. 


THE STATIC OR CLOSED CONDITION 


Pilot operated reliefs stay closed because of the principle of 


Pascal’s Law. In reference to the figure, the fluid above and 
below the main poppet is captive in a closed container. Since 
the area on top of the main poppet is somewhat larger than 
that on the bottom, there is a larger closing force than 
opening force, and the valve remains closed. A light spring 
force is incorporated above the poppet which not only keeps 
the valve closed during start-up, but also provides an ad- 
ditional unbalancing force when pressures are equal above 
and below the poppet. Under these conditions, you can see 
that the valve is closed no matter whether there is 100 PSI or 
10,000 PSI in the system. 


(3) the equal pressure on both sides would keep 
the poppet closed against the seat... 


(4 ) If this area is slightly larger 
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than upward force. 


THE DYNAMIC OPENING OF THE RELIEF 


By adding the high pressure low flow relief to the chamber 
above the main poppet, we can limit the pressure and thus 
the closing force. The pressure in the oil above the main 
poppet is regulated as follows: 


In reference to the diagram, system pressure is exposed to 
areas Al, A2 and A3. As pressure increases, it increases 
equally on all areas. As long as area A3 remains closed, 
there is no flow, and the pilot circuit conforms with the prin- 
ciples of Pascal’s Law. Under these conditions, we have a 
larger closing force than opening force; thus, the valve 
remains closed. Nevertheless, when pressure over area A3 
exceeds the spring force, oil escapes from the previously 
closed container, which establishes a flow in the pilot circuit. 


It is this flow which allows the valve to open. 


Pilot Relief 
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Dynamic Condition 


When pressure is sufficient to overcome the spring of the 
high pressure pilot relief, we immediately see a decay in 
pressure above the main poppet. This establishes a pressure 
imbalance across the orifice in the pilot circuit which 
necessitates a flow of oil across that orifice. This flow of oil 
tries to replenish the oil lost over the piloting relief. However, 


- in trying to reestablish a static condition, this flow causes a 


pressure differential which is sufficient to open the main pop- 
pet. This, in effect, relieves oil to tank at the pressure setting 
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of the piloting relief. If, on the other hand, system pressure 
decays, the pilot relief will close. Equal pressure is re- 
established on both sides of the main poppet due to the prin- 
ciples of Pascal’s Law. When pressures above and below the 
main poppet are equal, the main poppet closes because of 
the larger downward force. Remember, some of the closing 
force is created by the light spring above the main poppet. 


REMOTE PILOTING 


Another reason the pilot operated relief valve is often 
required is that with it, the pressure can be adjusted at the 
operator's station, while the main valve can be located 
elsewhere in the system. This feature is referred to as remote 
piloting. 


Since the force on the main poppet is controlled by pressure 
in the pilot circuit, it is possible to connect other small 
piloting relief valves in this piloting circuit. The maximum 
pressure of the main system is governed by the pilot relief 
with the lowest pressure setting. 


Ou this relief is set lower... 





then the system pressure is 
determined by the remote relief, 
because it controls the maximum 
pressure in the pilot circuit. 





This orifice limits 
in the pilot circuit 


"EE 
SE 
a 


1000 PSI 


irm = 


2000 PSI 







f 
| 


Li] 


- 


3000 PSI 


— 





If the main pilot relief is set for the highest possible system 
pressure, then the small direct operated relief, which can be 
mounted remotely in the operator’s control console, can be 
used to adjust system pressure to anything lower than that 
set on the main valve. 


MULTIPLE PRESSURE SELECTION 


Multiple pressure settings can be set on any number of small 
piloting relief valves. By using isolating directional control 
valves, individual pressures can be selected via electrical 
signals. This offers the ability to quickly recall set pressures 
by selecting the relief valve with the proper preset pressure. 
When the solenoid valve is in its closed position, its respec- 
tive relief valve is blocked from the main relief valve’s pilot 
circuit, and does not effect main system pressure. Under this 
condition, the small pipe from the main relief to the isolating 
directional control is only an extension of the “Pascal” closed 
container. 


Adjustment 
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VENTING THE PILOT OPERATED RELIEF 


One of the most important features a pilot operated relief 
provides is a capability to vent the main system. The term- 
inology “venting main system” means allowing all pump out- 
put to flow pressureless to the tank. This is quite important 
because it takes very little horsepower to circulate oil at little 
or no pressure. If the hydraulic system is not being required 
to do work, then by venting the system, the full hydraulic 
horsepower capability of the pump is not turned 
into heat and wasted, as it would be if the pump had to push 
the oil over the relief at full system pressure. It allows the 
hydraulic system to idle. The venting feature is such an im- 
portant feature to industrial hydraulic systems that most 
manufacturers offer this feature as a standard option in the 
pilot operated relief line of components. By mounting a small 
directional control directly on top of the pilot valve of the 
main relief, the pilot circuit can either be blocked from or 
connected to the internal tank chamber. 


When the solenoid 


shifts the directional 
control to this 
position, the pilot 
circuit is connected 
to tank, which 
unloads the main 
relief and allows 
the oil in the system 
to flow pressureless 
to the tank. 


When the 
solenoid valve 


is in this : 
position, it | 
blocks pressure 


from tank and 
the relief valve 
functions as a 
standard pilot 
operated valve. 








Pilot — J Te 
Valve — 
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This type of valve is commonly referred to as a solenoid 
vented relief. More often than not, the directional control is 
shifted from the blocked to the open position, or vice versa, 
by means of a solenoid. For purposes of this chapter, a 
solenoid is defined as a component which takes an electric 
current (the same that is used to light an ordinary household 
light bulb), and transforms that electrical energy into a linear 
force. This force is then used to change the position of 
(shifts) the directional control. In talking about solenoid 
vented relief valves, two terms are often encountered: 





Normally open solenoid vented reliefs are those which allow 
the oil to flow pressureless to tank when no electricity is 
being supplied to the solenoid (de-energized). Energizing the 
solenoid loads the system by reestablishing the pilot circuit 
to that of a standard pilot operated relief. 


Normally closed valves, on the other hand, function in just 
the opposite manner. When de-energized, the relief functions 
as a standard pilot operated relief. The system is vented by 
energizing the solenoid. 


In hydraulic circuits, it is more common tofind normally open 
valves than it is tofind those which are normally closed.The 
logic behind this is that a normally open valve is fail-safe in 
the event of a power failure in the control circuit. If 
something goes wrong in the control circuit of a normally 
closed valve, system pressure is at its highest rather than 
being vented as it would be with a normally opened valve. 


HIGH VENT OPTION 


We said earlier that the main section of the pilot operated 
relief is nothing more than a low pressure, high flow, direct 
operated relief. When the pilot circuit is vented, the pump is 
actually vented to tank at a pressure determined by this low 
pressure relief. 


To obtain maximum efficiency in the vented condition, the 
light spring force on the main poppet is usually designed to 
relieve the pump flow to tank at a pressure of less than 50 
PSI. Nevertheless, it is sometimes necessary for proper 
system operation to maintain a residual pressure of higher 
than 50 PSI. If this is the case, a higher vent pressure can be 
achieved by selecting the high vent option. 


The high vent option is nothing more than a stronger spring 
holding the main poppet or spool in the closed position. With 
the high vent spring, approximately 75 PSI is required to 
open the main poppet. The high vent option is particularly 
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helpful in systerns in which we must maintain pilot pressure 
for pilot operated directional controls,or in situations in which 
it is necessary to push oil through heat exchangers or filters 
while the system is idling. 


EXTERNAL PILOT DRAIN 


In standard pilot operated relief valves, the spring chamber of 
the pilot valve is drained to the valve’s tank port through in- 
ternal passages. A problem may arise in some applications 
when the pressure in the tank port varies during different 
parts of the cycle. This happens when resistances down- 
stream of the “T” port are subjected to different flow rates as 
the relief valve relieves more or less flow. Remember, it takes 
more pressure to push a large flow of oil back to tank 
through filters and heat exchangers than it does when there 
is little flow. With internally drained valves, tank pressure is 
exposed on the back side of the pilot poppet, and adds a 
force of pressure multiplied by area, to the force of the 
spring. If tank pressure varies, so does the pressure in the 
main system, since there is a varying force holding the pilot 
poppet against the seat. 


If fluctuationsin the main system pressure cannot be tolerated, 
the spring chamber of the pilot can be isolated and drained 
through a separate port. This is known as an external drain 
option. 


In valves in which the drain port has been designed to 
withstand full system pressure, a second use of the drain 
port is often desirable. We can make use of the fact that 
back pressure in the spring chamber adds to valve setting 
and use this as the remote pressure adjustment. As will be 
shown in our discussion of reducing valves, this has a par- 
ticular advantage when it is necessary to adjust two pilot 
operated valves from the same adjustment while maintaining 
a fixed differential between these pressure settings. 


@ Both this poppet... 


The pilot pressure 
here is the sum cs 
of both resistances, F 


— — 






As shown in the cross-sectional illustration, the lowest 
pressure is set on the main valve when we remotely adjust by 
using the “Y” port, as opposed to the highest pressure setting 
on the main valve when using the “X” port. Precaution must 
be taken in using the “Y” port because there is no inherent 
safequard preventing the operator from exceeding the 
maximum pressure rating of the valve. If, for example, both 
the pilot valve and the remote adjustment were to have 
spring: settings of 3000 PSI, then the main relief would 
relieve at 6000 PSI, which is in excess of its pressure rating. 
Nevertheless, if this method of adjustment offers advantages 
to the system design, then adequate safeguards can be 
provided by proper component selection. Being aware of the 
possibility of overpressure, the designer can select a lockable 
pressure adjustment on the main pilot valve. In this manner, 
the resistance of the pilot valve’s spring can be locked at its 
absolute minimum value (100 PSI). Then, by selecting a 
remote relief with the proper spring, you can be assured that 
the operator cannot exceed the maximum pressure rating. 


USING THE “Y” PORT FOR LOAD SENSING 


Although a complete discussion of speed control and energy 
loss will be covered in Chapter 3, it is relatively simple for us 
to design a circuit which makes the pressure setting of a pilot 
operated relief sensitive to changes in load induced pressure. 
The major advantage here is that the pressure of the relief 
valve self regulates when circuits are operating over a broad 
load range. Because the load pressure can be sensed, the 
pump flow can always be relieved to tank at a pressure 
slightly higher than that induced by the load. This not only 
saves energy, but it gives a constant pressure drop across 
the fixed resistances to flow in the system, resulting in con- 
stant actuator speed (see Chapter 3 for full description). To 
further explain this concept, let us consider a typical circuit 
with and without the load sensing feature. 


Consequently, our lowest operating pressure is 
E set on the main valve... 


(2 )and this poppet, resist the pilot oil flow to tank. 


and higher pressures 
are adjusted by 
adding a back 
pressure to the spring 
chamber. 


thus... 
X Port | 
determining the pressure at which the valve 
~ relieves pressure in the main system. 
Ñ “Y” Port Pressure Adjustment 
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When this motor is operating at a small 


N A  / percentage of maximum load... 


1000 PSI 





(3) even though we only need 1000 PSI 
to develop the necessary torque... 

















(2) and at Y 
~ La speed... 


7 (6) This turns an excess of 13+ hp 


into heat because of pressure 
— drop across these two valves. 


3000 PSI 






our pressure 
here must still 


be at relief 
valve setting... 






so that we 
can pass the 
excess flow 

to tank. 


WITHOUT LOAD SENSING 
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| <~ (under the same operating conditions. .. 
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11000 PSI 
~ \ (8) This fixed orifice limits our pilot oil flow . . . 


)while this direct 

' operated relief limits 
the maximum feedback 

pressure. 










and a5 GPM 


setting here... we can feedback load 


induced pressure to our 


Pa closed spring 
chamber. 
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10) A 2900 PSI 
setting 
here... 












The feedback 
pressure plus 
spring 
pressure 


(100 PSI)... 


(11)resulfs ina 

maximum 3000 
PSI pressure 
here. 






















determine the. 
pressure at which 


this valve opens. 








our wasted H.P. 
figure drops to 





WITH LOAD SENSING RELIEF 


The example only introduces the possibility of energy saving 
by load sensing with the relief. With a little imagination, this 
concept could result in considerable energy savings in a 
multitude of applications. Our only warning is that the size of 
the fixed orifice limiting pilot oil feedback is extremely im- 
portant to the proper operation of the system. Also, the pilot 
feedback lines should be rigid tubing (not hose), with lenaths 
kept as short as possible. 


OPERATING PRINCIPLES OF 
VARIOUS MAIN 
POPPET DESIGNS 


Pilot operated relief valves do not always display similar 
operating characteristics. Although all valves open and close 
in the same basic manner, the actual design of the main con- 
trol section has an influence on the operating characteristics 
of the valve. Pressure override, response, overshoot, stability 
and sensitivity to contamination are characteristics related to 
the basic relief valve design. We now will discuss these 
characteristics individually as related to spool, balanced 
piston and cartridge poppet designs. 


SPOOL TYPE MAIN SECTIONS 


Although the spool type relief has been obsoleted by most 
manufacturers in favor of the superior performance offered 
by either of the basic poppet designs, we wish to mention its 
operating characteristics for reasons of comparison. The 
three major factors which led to its obsolescense were poor 
response, inherently bad overshoot, and sensitivity to con- 
taminants in the oil. 


Dead Band 
Region 







Orifice . 
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Spool 
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In reference to the operational cross section, the spool must 
first move through the deadband region before pressure 
opens to tank. This makes the spool design considerably 
slower than the poppet, since a poppet begins opening with 
the first increment of motion. Another detriment to the 
response time of a spool design is the high mass of the spool 
as compared to the poppet. Since all reliefs respond to 
pressure in a small portion of a second, the poppet or spool 
must undergo drastic acceleration and deceleration forces. 
Acceleration and deceleration occur as the moving member 
goes from rest, in the closed position, to a stable opening in 
the dynamic position. Of course, any reduction in mass 
greatly improves the response characteristics of the valve. 
Consequently, with spool reliefs, if the pilot circuit is orificed 
large enough to give good opening response, the physical 
overshoot of the spool during deceleration to the dynamic 
open position requires a longer time period to achieve 
stability. The optimal compromise is an overall response 
time of approximately 150 milliseconds. 


Likewise, the overshoot characteristics of a relief valve are 
related to spool (or poppet) stroke as compared to valve 
opening. When it comes time to relieve oil, pressure can 
build to very high values almost instantaneously if the oil has 
nowhere to go. With spool designs, the pressure builds to the 
point where the pilot valve opens and creates the imbalance 
on the spool. Also, this imbalance must be high enough to 
achieve acceleration of the spool mass. The problem is that 
during the first moments of acceleration, the spool 
movement provides no opening. Since there is nowhere for 
the pump supply to go, pressure builds instantaneously to a 
high value. In other words, even if the spool mechanically 
responds quickly to increasing pressure, little or no opening 
during the initial response period shows up as a poor over- 
shoot characteristic of the valve. 


Finally, the life expectancy of spool type reliefs is very 
susceptible to contamination. In any relief, oil passes to tank 
at extremely high velocities. Contaminants in the oil, 
traveling at these high velocities, have a sandblasting effect 
on the exposed steel surfaces. The close tolerances on the 
large land areas of a spool design are more susceptible to 
damage and subsequent seizure than is the line contact area 
of a poppet. When exposed to systems with the same level 


of contaminants, the spool relief will either seize or leak ex- 
cessively much sooner than a poppet design. 


BALANCE PISTON—POPPET DESIGN 


As shown in the cross-sectional drawing, you will notice that 
pressure is blocked from tank much like a check valve 
checks reverse free flow. In other words, when the valve 
opens, the flow of oil is around the poppet towards the seat. 
The term “balanced piston” comes from the fact that, when 
the valve is closed, there are equal areas exposed above and 
below the control piston. The differential force holding the 
piston closed in the static condition is only that of the light 
spring. The advantage this design offers over the spool type 
relief is that flow to tank is established immediately upon 
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Pilot Drain 


Pilot Orifice 


Button 


piston movement. Consequently, overshoot is limited to an 
average of 350 to 450 PSI. 


Although the response of a balance piston-poppet relief is 
better than that of a spool type relief, the mass of the 
relatively large piston and poppet assembly is not much less 
than that of a spool. Consequently, the response time, from 
the time the valve first cracks to the time it reaches a stable 
opening. is more or less limited by the same factors that limit 
the spool design. Typical response characteristics for these 
designs range between 95 and 135 milliseconds. 


One of the major disadvantages of a balanced piston-poppet 
relief is that it displays relatively bad pressure override 
characteristics. In this design, the poppet is inherently un- 
stable. since a larger area is exposed to pressure when the 
poppet opens. As in the direct operated differential piston, a 
button is machined on the nose of the poppet. This button 
captures the hydrodynamic force as a force tending to close 
the valve. Of course, the higher the flow to tank, the higher 
the closing force; hence, the higher the pressure required to 
keep the valve open. 


Of final concern is the fact that valves of this design can 
often generate noise in their tank port. The reason for this is 
the convergent flow to tank. These high velocities in a con- 
vergent path create an enormous amount of turbulence. This 
is especially true when you consider that the button is im- 
mersed in this flow stream creating even more of a distur- 
bance. 


CARTRIDGE POPPET DESIGN 


The operational cross section shows that the cartridge unit 
consists of a small low mass poppet which offers a large flow 
area with minimum stroke. These design features allow the 
relief function to be performed quickly and quietly. Forces on 
the poppet are always in balance at any flow rate. Because of 
this, the valve is not only inherently stable, but it also 
operates with minimal pressure override. Likewise, the cart- 
ridge design offers better serviceability and flexibility in 
mounting style that is not possible with parts and body con- 
struction. 
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In consideration of the cartridge’s response characteristics, 
we said earlier that response is directly related to stroke vs. 
opening area. The short stroke means that very little oil has 
to be relieved by the pilot as the poppet moves upwards from 
its fully closed to its fully open position. Also.the low poppet 
mass means that movement occurs with a very minute decay 
in pressure in the pilot section. Low poppet mass. short pop- 
pet stroke, and minimum oil displacement in the pilot sec- 
tion, allow the cartridge poppet to respond in the 50 or 60 
millisecond range. This is actually faster than most direct 
operated valves. 


Since the poppet provides a large flow path with its first in 
crement of motion, overshoot is very low and of very short 
duration. Although overshoot is higher at lower operating 
pressures, the average overshoot is only 8 per cent of set 
pressure. This means that at 3000 PSI, the maximum 
pressure spike is in the neighborhood of 3250 PSI. 


Another advantage to this design is that there is an in- 
significant change in effective area between the open and 
closed position of the valve. Consequently, the forces tend- 
ing to open and close the poppet are always in balance and 
not affected by flow. The typical valve reseats within 30 PSI 
of its cracking pressure, and is inherently stable throughout 
the entire flow range. Likewise, minimum compression of the 
light spring force, and a poppet design which is virtually unaf 
fected by flow, result in a minimum pressure override. 


Finally, the cartridge poppet is extremely quiet in performing 
its relief function. This is a result of the fact that the flow 


passage to tank is not only large. but it also creates a 360° 
divergent flow stream. The potential energy in the 
pressurized fluid is disipated quickly and quietly. 


DIFFERENT MOUNTING 
CONFIGURATIONS 


Although the mounting conveniences are as numerous as the 
number of valves themselves, there are six basic mounting 
options each with its own advantages and disadvantages. 
The options range from two types of line mounting to sub- 
plate and sandwich mounting, to two types of cartridges for 
custom manifolding. In chosing the mounting style for your 
system, you should consider adjustment accessability, ser- 
viceability. location and its effect on system protection and 
overall space requirements. 


SUBPLATE MOUNTED VALVES 





Advantages 


The subplate mounted valves, by far, offer the best ser- 
viceability. Since the rigid piping is made to the subplate and 
not to the valve, valve replacement is simply:achieved by 
bolting a new valve to the subplate. Most subplate mounted 
valves conform to national and international standards, so 
retrofits are not a problem. In addition, the valve and its sub- 
plate can be mounted away from the bulk of the system 
piping for easy operator access. 


Disadvantages 


The major disadvantages of subplate mounting show up in 
initial system cost and in space requirements. Not only is the 
subplate an additional purchase item, which also requires ad- 


ditional piping hardware, it also must be structurally sup- 
ported by some type of valve panel. This additional cost 
must be weighed against future service costs in your con- 
sideration. 


SANDWICH MOUNTING 





Advantages 


Sandwich mounted valves are through ported and mounted 
between the directional control valve and its subplate. Their 
porting configuration is accomplished through passages in 
the block, and they can relieve either the pump supply or the 
service lines to the actuator. Either crossport or relief to tank 
can be compactly accomplished in a single block. Ser- 
viceability is equal to that of a subplate mounted valve with a 
smaller space requirement. 


Disadvantages 


Because of the compact nature of these valves, their per- 
formance characteristics are sometimes compromised. 
Likewise, because the valve is mounted close to the direc- 
tional valve rather than to the pump or actuator, the reliefs 
ability to protect the system is somewhat reduced. 


TWO PORT LINE MOUNTED 


Advantages 


This type of mounting reduces initial installation cost by 
eliminating the cost of a separate subplate. Also, except for 
very large valves, the piping itself can serve as the valve’s 
mounting structure. Since the valve must be teed to the 
pressure line, it is.a relatively simple procedure to locate the 
valve for the operator’s convenience. 


Gunny Bu errzie:s (Pal) 
2¢/C, tet oor, Tauheed Cormerais) 
an Ta: rel, Phase V, DHA. Karachy-755U0 
Tok @2\-54 697, EROAAS, Bose 35008512 


E-nni misanni?66@gaail cour 





Disadvantages 


Care must be taken in “making-up” the fitting for this valve, 
as in the case with any line mounted valve. Over tightening 
of a tapered pipe thread can distort the valve housing, 
causing the valve to malfunction. Serviceability is also com- 
plicated because the system has to be partially disassembled 
to remove the valve. With a cartridge style line mounted 
valve, these problems are somewhat alleviated, because ser- 
vicing can be accomplished simply by removing the cart- 
ridges. Likewise, even if a valve housing is distorted by over 
tightening a pipe connection, the chances are that this distor- 
tion will be isolated from the critical clearance in the cart- 
ridge. 


THROUGH PORTED RELIEF VALVES 
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Advantages 


The through ported relief is the most economical relief when 
you consider initial system costs. With three ports, you 
simply have to pipe to the inlet from the pump, an outlet to 
the system, and a tank return. Since the number of fittings is 
reduced, so are the possible points for leakage. 


Disadvantages 


Since the valve’s physical location in the system is deter- 
mined by the piping, adjustment access for the operator is 
not always easy to achieve. For serviceability, this valve 
more than any other, should be of cartridge construction, 
since the housing is located in the main artery of the system. 
More often than not, servicing requires a major system 
disassembly. 


CARTRIDGE UNITS 








available today in two basic versions: the 
d the slip-in cartridge. Since both types 
d disadvantages, we will 


Cartridge units are 
threaded insert, an 
offer the same advantages an 
discuss their merits as one. 


Advantages 


Although cartridges can be mounted in either a subplate 
mount, or a thread valve housing, they are basically intended 
for custom manifolding. The cartridge greatly improves the 
serviceability of the relief function no matter whether it is 
mounted in a custom manifold or in a standard valve 
housing. 


Disadvantages 


The cartridge in itself cannot function. Consequently, it must 
be used in conjunction with a standard valve housing, or with 
some type of custom manifold. Of course, due to the high 
cost of both engineering and low quantity machining, the 
cartridge is often not an economical consideration. 


SYMBOLS FOR PILOT OPERATED 
RELIEFS 


Because of the complexity of the pilot circuit and its many 
optional uses, the symbol representation of a pilot operated 
relief can become quite complicated. The following symbol 
for a pilot operated relief with a normally open solenoid 
venting feature is a typical example. 





This symbol is complete in showing the main poppet (low 
pressure, high volume relief), the pilot relief (high pressure, 
low volume), the orifices which establish pressure decay in 
the pilot circuit, and the solenoid valve for venting. In com- 
mon practice, the industry does not use symbols of this com- 
plexity. Over the years, it has become standard practice to 
represent both pilot operated and direct operated reliefs with 
the simpler direct operated relief valve symbol. This, 
however, often leads to confusion, since the total unger 
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cannot be represented in this manner. Rexroth has 
developed and will be promoting the use of a new simplified 
symbol for representing pilot operated reliefs. 


(2) the main poppet... 











| This closed-in arrow represents 
the pilot circuit’s interfaced 
between... 


The following are variations showing this sim- 
plified symbol with various uses of the pilot cir- 
cuit: 





Pilot Operated Relief 
with External Drain 


Simple Pilot Operated 
Relief 





Remote Pilot 
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REDUCING VALVES 


As previously stated, reducing valves are used to limit a 
branch circuit to a pressure lower than the main relief valve 
setting. Consequently, output force can be regulated in the 
secondary circuit independent of (at a lower pressure level 
than) the rest of the system. Reducing valves are always sup- 
plied with an external drain on the spring chamber, since 
there is always pressure at the inlet and outlet working ports 
during valve operation. 


Reducing valves, like relief valves, function by balancing a 
hydraulic force with a spring force. Consequently, they 
display similar operating characteristics to those of direct 
operated or pilot operated reliefs. Unlike relief valves, 
however, reducing valves are normally open, allowing oil en- 
try to the secondary system. The valve senses the pressure 
level in the secondary system and tends to close, orificing the 
oil entering from the primary system, assuming that it is at a 
higher pressure level. Should the primary system be at a 
lower pressure level than the setting on the reducing valve, 
then the reducing valve would remain fully open, and both 
primary and secondary circuits would be at the pressure level 
of the primary system. 


Reducing valves, more than any other type of pressure con- 
trol, modulate between fully open and fully closed positions 
to keep the outlet pressure constant. Once downstream 
pressure reaches the reducing valve setting, the valve begins 
functioning as a self regulating orifice. The valve opens or 
closes its orifice which reduces or increases resistance to 
flow from inlet to outlet. 


Since a reducing valve is nothing more than a self regulating 
resistance to flow, energy is expelled in the form of heat as 
inlet pressure is reduced to a lower outlet pressure. The 


er 


2-22 


| Primary | 
| Circuit 


(>= 
Q 3000 PSI 


Set at 3000 PSI 











5000 — Q 
PSI — X 
=a Secondary 
3 L Circuit 
Set at 5000 PSI 
i. 
Primary 
Circuit 
Set at 3000 PSI 
= — poe ] 
G | 2000 PSI 





V 


= Secondary 

— | | Circuit 
D Set at 2000 PS 

PRE 


| 





Reducing valves can take only a higher primary 
pressure and lower it for the secondary circuit. 


higher the pressure level difference, the higher is the energy 
level difference and, therefore, the more energy is wasted in 
the form of heat. Large pressure differentials, especially with 
high flow rates, should be avoided through the use of a two 
pump system. 


DIRECT OPERATED VALVES 


For the same reasons, direct operated relief valves normally 
experience bad pressure override characteristics. With 
respect to increasing flow, direct operated pressure reducing 
valves show a drop in outlet pressure. To explain this 
phenomenon, we can consider the operation of a direct 
acting reducing valve. 


Outlet pressure is sensed on this area of the 


spool... 
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‘ecause reducing valves are variable orifices, their basic 
esign is usually a tapered (metering) spool, held in the open 
osition in the valve housing by an adjustable spring force. 
or direct operated valves, outlet pressure is exposed to the 
pool end opposite the spring, and moves the spool toward a 
ore closed position as downstream pressure exceeds the 


spring setting. Because the orifice can be relatively large for 
high flows, the spring has to be only slightly compressed. 
However, to establish an identical pressure drop for low 
flow, the spring must be compressed further to create a 
smaller passage through the valve. Consequently, higher 
downstream pressure results with a decreased flow due to in- 
creased spring force. 


Since pressure vs. flow characteristics can only be kept 
within acceptable limits with low variations in flow, Rexroth 
only manufactures direct operated reducing valves up to 1/2” 
line sizes for flow capabilities up to 12 1/2 GPM. For higher 
flows, a pilot operated valve is used because of its per- 
formance advantages. 


When the pressure is high enough to 
push the spool... 





SS ee ie 


@ and works against this spring. 


(S) which reduces the pressure in the secondary system. 





THREE- WAY CHARACTERISTICS OF DIRECT 
OPERATED VALVES 


Another thing to consider about reducing valves is their 
ability to maintain reduced pressure in a fully static con- 
dition. During actuator motion in the secondary circuit, we 
have explained how the reducing valve modulates between 
open and closed to maintain downstream pressure at the 
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desired setting. A problem arises, however, when the secon- 
dary circuit becomes static, and the reducing valve fully 
closes to separate the primary and secondary system 
pressures. 


Under these conditions, an increase in load, or leakage 
across the reducing valve control spool, could increase the 
pressure in the secondary circuit higher than is desired. Since 
the valve has an inlet at high pressure, and an outlet at 
reduced pressure, a third port must be provided to rid the 
secondary circuit of leakage oil and/or reverse flow from the 
actuator. Most reducing valve designs in some way vent this 
oil, which tends to increase pressure to the spring chamber, 
where the oil can be externally drained. 


STATIC VENTING AND 
REVERSE FLOW CAPABILITY 


The easiest method of venting oil, which tends to build 
pressure in the secondary circuit, is to have a bleed oil 
passage from the secondary port to the spring chamber. This 
leakage path, however, adds to the amount of flow out the 
drain port, which decreases the efficiency of the valve. 





Bleed Oil Passage 


Simple Direct Operated Reducing Valve 


Some direct operated reducing valves have a three-way 
spool configuration. We previously stated that the reducing 
valve is normally open, and that it opposes the spring force 
with a hydraulic force from the secondary circuit. Depending 
on the pressure and flow potential at the valve inlet, the valve 
self-adjusts its orifice to obtain the required pressure loss. 
The valve closes only when the secondary circuit becomes 
static. A slight increase in outlet pressure above pressure set- 
ting shifts the spool further against the spring into a third 
position where the outlet is connected to the spring chamber, 
thus relieving the secondary circuit to tank. The flow 
capability of this three-way feature is approximately 20% of 
the maximum flow capacity of the Rexroth valve. When the 
secondary circuit is stalled, and there is no increase in 
pressure due to leakage, thermal expansion, or increased 
load, the valve is closed without leaking excessive oil to tank. 
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(3) when secondary system pressure 
shifts the spool to this position. 





is relieved to tank through the 
spring chamber... 





© Over pressure in the secondary 
circuit... 


3-Way Reducing Valve 


SANDWICH MOUNTED REDUCING VALVES 








Sandwich Mounted Reducing Valve 


In many hydraulic systems, the reducing function is only 
needed for one particular actuator. For instance, we may 
want to limit the torque output of a hydraulic motor, or to 
limit the thrust-of a cylinder in one or both directions. For 
plumbing convenience in these types of circuits, reducing 
valves are available for sandwich mounting. These valves are 
simply mounted between the subplate and the directional 
control for that particular circuit function. 


Depending on the model selected, the pressure reduction can 
be in the pressure supply to the directional valve, or in one of 
the service lines from the directional control to the actuator. 
A “P” port sandwich reducer would offer reduced pressure to 
either direction of operation. Since the flow is always from 
the pump supply, through the reducing valve to the pressure 
port of the directional control, a reverse free flow check is not 
required. 


On the other hand, if the model selected reduces pressure in 
one of the service lines to the actuator, pressure control is 
achieved only in one direction of operation. Full system 
pressure operates the actuator in the reverse direction. Of 
course, since flow must pass through this type of valve in 
both directions, a reverse free flow check valve must be in- 
cluded. This allows the flow to by-pass the reducing valve 
mechanism in the reverse direction of actuator operation. 


Due to their compact design, sandwich mounted reducing 
valves normally drain their spring chambers to the tank port 
connection of the directional valve. Since pressure in the 
tank return line can influence the pressure setting, 
precautions should be taken to keep tank line pressure as 
low as possible in these systems. 


PILOT OPERATED REDUCING VALVES 


Like pilot operated relief valves, pilot operated reducing 
valves perform the same function as their direct operated 
counterparts. Consequently, pilot operated reducing valves 
must be used for higher flow rates, since increased spring 
force, with increased displacement, has adverse effects on 
the performance characteristics of direct operated models. 
Today pilot operated pressure reducing valves are designed 
with both primary and secondary controls. We now wish to 
study the operation and characteristics of both of these 


types. 


We will discuss the operation of the secondary control first, 
since this valve is really nothing more than a mirror image, so 
to speak, of a pilot operated relief valve. First of all, you will 
notice that the pilot section senses pressure in the secondary 
(outlet) port rather than the inlet, as with relief valves. As 
long as the pilot relief remains closed, pressures are equal 
above and below the main control spool. You will notice that 
the light spring force holds the main control spool in the fully 
open position, while, in contrast, the relief valve is held 
closed in the static pressure balanced condition. The valve 





Pilot Senses Reduced 
Pressure Port 
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Reduced Pressiire — 


Outlet Pressure Inlet 


SECONDARY CONTROL 


remains fully open, connecting the primary port to the secon- 
dary system until secondary system pressure overcomes the 
spring setting of the pilot valve. 


When the piloting relief opens, a decay in pressure occurs 
above the main control spool, since a flow is created across 
the orifices in the pilot circuit. This causes an imbalance of 
forces on the main spool, which tends to move it vertically 
upward. An upward motion of the spool orients the center 
line of the radial drilling in the spool higher than the center 
line of the radial drilling in the stationary sleeve, in which it 
slides. The open area for flow is, thus, reduced, creating an 
orifice through which oil must flow in passing from the 
primary to the secondary port. Hence, a self-regulating 
pressure drop is imposed, in concert with the pressure levels 
dictated by the pilot circuit. Likewise, a full shut-off occurs 
when the secondary circuit becomes static. 
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G) Assuming our 


load must be 
moved with 
limited force... 





enough to keep secondary pressure 
at valve setting. 


In the dynamic closed position of the pilot operated reducing 
valve, the spool moves completely upward so that, 
theoretically, there is no flow area through the radial cross- 
drillings. This position occurs, though only in theory, since 
there must be a flow of fluid in the pilot circuit to maintain 
the imbalance on the main spool. To better explain the 
dynamic closing we will consider a vertical acting, “bottomed 
out” cylinder. 





on the main spool. 


When no more oil 
can enter this 
cylinder... 






m GPM... 
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(2) load induced ‘as 
pressure. > | 









(3) to maintain the imbalance 


This necessitates a pilot 
oil flow of 1/4 to 1/3 


E 7 creates a flow in the pilot section. 


C Y 


Sim a 
ant 






Under imbalanced 
pressure conditions, 


the spool moves upward. 







Ò This orifice opens and 
closes... 


( € ) so that primary pressure 
here is restricted... 


RELIEVING ABILITY OF PILOT OPERATED 
REDUCING VALVES 


Unfortunately, as you can see in the diagram, the pilot 
operated reducing valve has little ability to rapidly relieve a 
pressure build-up due to increased load. When the secondary 
circuit becomes static, the main spool is nearly closed, which 


i 7 the pilot circuit must remain open... 












@ which must be 
supplied from the 
primary circuit... 


through a small 
orifice position of 
the main spool. 


Primary Pressure from Pump 


except for a small pilot flow, captures a column of fluid be- 
tween the main spool and actuator. If, for some reason, the 
actuator encounters an increased load, the pressure down- 
stream of the reducing valve will also increase. Since pilot 
operated reducing valves, in general, cannot relieve much 
more than a 1/2 GPM flow rate through their pilot circuits, a 
separate relief valve should be considered if an increase in 
load could occur after the secondary system becomes static. 


CE If this pilot is 


set 100 PSI 
higher... 


(4) will assure that the 
relief valve will 
remain closed 
during normal 
operation. 





SS 


To Actuator 
the reverse flow R 
is relieved to 
tank over this 
relief... 





faa — 





O When load induced 
| pressure... 


at a pressure slightly 
higher than that set 
on the reducing valve. 





this valve is 


Return Flow From 
Actuator 











closed, and.. 







THREE-WAY PRESSURE REDUCING CIRCUIT 


When it is necessary for the actuator to “give way” to an ex- 
cessive load, a separate relief valve can be incorporated to 
relieve the reverse displacement from the actuator. Actually, 
this relief valve need be nothing more than a direct operated 
model, teed into the line between the reducing valve and the 
actuator. However, a pilot operated model offers better per- 










Remote 
Pilot Relief 





















[D Remote Pilot | 
Relief | 
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exceeds this combined 
pressure setting by 


100 PSI... 









From Pump 
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formance characteristics, and the possibility of a fail-proof 
pressure setting. With this type of circuitry, it is important, 
from an efficiency standpoint always to adjust the relief valve 
to a pressure slightly higher than that set on the reducing 
valve. By setting the relief so that it will crack at a pressure of 
100 to 200 PSI higher, you can be assured that under nor- 
mal operation, all the output flow of the reducing valve 
produces work. If the relief valve setting is too close to that of 
the reducing valve, you can easily see that the flow bypassed 
by the relief not only affects performance, but that, at the 
same time, it generates excessive heat. The circuit provides 
a single pressure adjustment, while at the same time it 
maintains a constant differential between the relief and 
reducing valve setting. 


REVERSE FREE FLOW 


Since reducing valves are often used in the working lines sup- 
plying the actuator, the reducing valve must be able to allow 
a free flow in the reverse direction. Since the reducing valve 
is normally open, one would think that there would be no 
problem in passing a reverse flow through the valve. Un- 
fortunately, with some circuits, you cannot safely assume 
that the valve will always remain open. 


It is possible that high flow forces (hydrodynamic forces) 
could cause the main spool to close. This consideration is 
particularly important when you are using cylinder actuators 
with large rods. Under these conditions, a 2:1 ratio can 
double the normal flow rate. 





L E If this area... 


here. 


Directional Control 
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(2) is twice as large as this area... 






produces 20 GPM flow 






In the illustrated circuit, once the reducing valve closes, 
pressure can build in the fluid which is captured between the 
actuator and the closed spool. If this pressure builds to the 
point where the reducing valve pilot opens, the main spool 
will remain closed. Since we cannot safely assume that the 
spool will remain open under all circumstances, most 
reducing valves include a reverse free flow check as a stan- 
dard feature. 





(2) a slightly higher pressure here... 





Under reverse flow 
conditions... 


opens the check, 
allowing a 
reverse free flow. 









A— 


(5) Even if the pilot remains 
closed and the pressures 
are balanced above and 


below the mainspool... 








the high flow force can cause 
the spool to close. 





As shown. in the cross-sectional drawing, the check valve 
simply bypasses the reducing valve mechanism under re- 
verse flow conditions. During normal operation, the higher 
pressure at the valve’s inlet keeps the check valve closed. 


REDUCING VALVE WITH 
PRIMARY CONTROL 





Before we discuss the operation of a reducing valve with 
primary control, let us first consider the reason for this 
design. It is a known fact that when an orifice is introduced 
into a flow stream, turbulence is also introduced, down- 
stream of the orifice. Of course, the higher the flow rate, the 
more turbulence downstream of any given orifice. 

With high flow, high pressure reducing valves, the turbulence 
downstream of the main control spool causes a loss in 
pressure at that point in the flow stream (Venturi effect). This 
loss in pressure reduces the pressure drop across the pilot 
circuit orifices, which lessens the pilot oil flow. Under these 
conditions, a reducing valve with secondary control becomes 
ineffective in maintaining a constant downstream pressure. 


Inlet to outlet 
36 pressure 
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Main System Flow (GPM) 


Typical Graph Comparing Loss of Pilot Oil Flow 
With Main System Flow 


This feeds back an inaccurate 
downstream pressure... 


(4) and lessens the pilot 
oil flow. 









(2) creates 


turbulence ha 
downstream |} 
of the main 
control 
spool. 








Secondary Control Is Not Effective in High Flow 
Rate Valves 


A reducing valve with primary control can be used, to 
achieve higher flow rates with better stability. With this 
design, the pilot oil is supplied from the high pressure inlet of 
the valve. The pilot head incorporates a pressure com- 
pensated flow control which maintains a pilot flow of ap- 
proximately 40 in?/min flow stream. Since the top of the 
main control spool is exposed to this pilot flow, the force 
holding the valve open is determined by the pressure setting 
of the pilot relief. Let us now consider the operation of this 
design. 


Pressure Compensated 


Flow Control Pilot Relief 









Metered Pilot Flow | 


Over Pressure | 





Relief 
Protection— 
Drain Port 
eine 
Gauge Port 
High Pressure Inlet 


Reduced Pressure 
Outlet 


As long as the inlet pressure is lower than the setting of the 
pilot relief, the pressure on top of the main spool is equal to 
the pressure at the inlet of the valve. This pressure force, 
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along with the spring force, holds the main spool in the wide 
open position, allowing free flow to the secondary circuit. As 
load induced pressure increases, so does the inlet pressure 
and the force holding the main spool open. 


O the pressure above the control spool is the 


same... 







closed position. Under these conditions, the secondary 
outlet is totally isolated from the primary circuit and the pilot 
circuit of the valve. Of course, leakage across the sliding fits 
of the main control spool could cause the secondary system 


7 pa — F 


When this pilot relief is closed... 






G) Consequently, the main control spool is held C 


in the WIDE OPEN POSITION, since there is |. E 


a larger opening force than closing force.- 


| 


pressure drop due to flow. 


The moment the inlet pressure exceeds the setting of the 
pilot relief, a constant pilot flow is established. The pressure 
determined by the pilot relief regulates the maximum 
pressure, holding the reducing valve in the open position. As 
load induced pressure increases on the opposite area of the 
main control spool, so does the force trying to close the 
valve. The moment the closing force exceeds the forces 
holding the valve open, the main spool moves upward, 
orificing the flow to the secondary circuit. Hence, secondary 
system pressure is maintained at a level which balances the 
pressure in the pilot circuit. 








by this pressure 
compensated flow 
control. 


—— — es 








The pressure in the pilot 
circuit determines... 


(S) the outlet pressure on this area needed to 


close the main spool. 


When the actuator on the reducing valve’s outlet stalls, a 
slight increase in outlet pressure overcomes the forces 







— — 
<a TH 
mT POU / 


as the pressure at the 
inlet, since the pilot 
system is static. 


—— HI: 


O The pressure at the outlet is only slightly — 
lower than that at the inlet because of 


pressure to equalize with that of the primary system. 


To avoid the possibility of pressure build-up in a static secon- 
dary circuit, a small relief valve is incorporated in the main 
spool. This relief valve has its pressure port exposed to the 
secondary outlet, and relieves oil to the pilot circuit. The 
relief valve is nothing more than a ball held on its seat by a 
light spring force. To open this relief, the pressure in the 
secondary circuit must overcome the spring force (45 PSI) 
and the pressure in the pilot circuit working against the back 
side of the ball. However, since outlet pressure is equal to 


© When the pilot relief opens... 


J 
— 






a constant pilot flow is established ... 





The main spool orifices flow to the secondary 
system, which keeps outlet pressure in 
equilibrium with pilot pressure. 


pilot pressure, the net result is that the relief valve opens 
when the secondary system reaches a pressure 45 PSI 


holding the valve open, and moves the main spool to the fully higher than setting. Since the relief valve relieves oil to the 
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pilot circuit, its maximum flow capability is limited to ap- 
proximately 60 cubic inches per minute. Although this is 


satisfactory for relieving leakage oil, it cannot relieve a re- 


verse flow from the actuator. 
















stream of the valve. 


When the 

secondary 
system 
becomes 
Static... 





REMOTE PRESSURE ADJUSTMENT FOR 
PRIMARY CONTROL REDUCING VALVES 


As shown, this design does not modulate the pressure above 
and below the spool (or poppet) in the conventional pilot 
operated manner. Since there is no “X” port where we can 
remotely modulate the pressure above the main control 
spool, we must use the “Y” port to create this function. A 
complete description of the use of the “Y” port for remote ad- 
justment, and of the precautions to be taken in its use, has 
been given in the section of this manual which deals with 
pilot operated relief valves. 


HEAT GENERATION WITH PRESSURE 
REDUCING VALVES 


Reducing valves, in general, are unique in their ability to in- 
dependently adjust force in a secondary system. Likewise, 
they are the only valves which can be used to isolate com- 
ponents with low pressure ratings from the rest of the higher 
pressure system. However, we caution the designer to be 
discrete in his selection of a reducing valve function. We 
must always weigh the design flexibility offered by reducing 
valves against their undesirable heating capability. 

The pressurized fluid at a reducing valve’s outlet has less 
potential for doing work than the fluid which was exposed at 
its inlet. This is true since a loss in pressure shows up down- 
stream as a loss of force potential. Since energy cannot be 


Sunn; 


destroyed, the loss of energy shows up as heat in the 
hydraulic system. Of course, the lower the pressure in the 
secondary system, the more heat is generated. Remember: 


which limits the pressure build-up down- 








s es) 





However, this relief opens 
when pressure builds to 45 
PSI above that set on the 
pilot... 


I @ with inlet pressure. 


aari. ee es K 


© leakage by the main control spool . 


VU v 
(3) could cause downstream pressure to equalize... 


BTU/hr = 1.5 x GPM x PSI (Lost) 


Consequently, it is left to the designer to keep the secondary 
system pressure as close to that in the primary system as 
possible. You can see that this becomes even more im- 
portant in high flow systems. In these, if the pressure dif- 
ferential is too great, it is worthwhile to consider a separate 
pump for the lower energy secondary system. 


SYMBOLS 


Like pressure relief valve symbols, reducing valve symbols 
can represent either direct or pilot operated valves. You will 
notice that symbols for reducing valves are similar to those 
of relief valves, except for two major changes. 


First, since the reducing valve is normally open, the flow 
arrow is in line with the inlet and outlet ports to the square 
box. This shows that the valve passes fluid freely until pilot 
pressure overcomes the spring force. At this point, the flow 
arrow is pushed out of alignment with the inlet and outlet, 
which closes off the flow. 


Second, since the reducing valve is sensing pressure at its 
outlet, the pilot line differs from that of the relief. In the 
reducing valve symbol, the pilot line works against its control 
spool by sensing outlet pressure. Also, since a reducing valve 
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must always have a drain connection to its spring chamber, Various reducing valve symbols are shown below: 
the “Y” port external drain is always shown. 


SYMBOL DESCRIPTION 








Standard graphic symbol for a 
direct operated reducing valve, 


without a reverse free flow check. 








Graphic symbol for a direct 
operated reducing valve with in- 
tegral reverse free flow check. 














Graphic symbol for a direct 
operated reducing valve with a 
three-way relieving capability and 
integral reverse free flow check. 













Pilot operated pressure reducing 
valve with integral reverse free 
flow check. The remote adjustment 
connection ‘“‘X”?” shows that this 
valve has secondary pilot control. 
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Pilot operated reducing valve with 
integral reverse free flow check. 
The lack of a remote “X” port 


shows that this valve has a primary 
pilot control. 





MULTIPLE FUNCTION 
PRESSURE CONTROLS 


In industrial hydraulics there are basically three general pur- 
pose valve types available for pressure controls. We have 
already covered two of these types, namely, relief and 
reducing valves. This leaves us with the multi-function family 
of valves. 


Depending on the arrangement of pilot lines, drain lines, and 
the inclusion of an optional built-in reverse free flow check, 
these valves can perform various functions. The functions in- 
clude: sequence, counterbalance, unloading, overcenter and 
braking. To complicate the selection even further, the valves 
are offered in both direct and pilot operated versions. We will 
first discuss the construction and variations of each and then 
will discuss their operation in various types of applications. 


DIRECT OPERATED MULTI-FUNCTION 
VALVES 





Multi-function valves are quite similar to relief valves in that 
the spring holds the spool or poppet in the closed position. 
Internal or external pilot pressure, from various sources, 
works against the spring, and causes the valve to open when 
the pressure setting has been reached. The working direction 
of flow is from the valve’s inlet to outlet, with both valve 
ports capable of withstanding full system pressure. Since 
these valves are often mounted in the service lines to the ac- 
tuator, their housing is designed to accept an optional rever- 
se free flow check. To better understand the various assem- 
bly possibilities, let us consider the following cross-sectional 
illustration. 


Essentially, the valve consists of a spool which slides in a 
close fitting bore in the valve housing. The spool blocks the 
inlet from outlet, until the pressure on the right hand area of 
the spool overcomes the spring force. The small pilot spool 
serves to reduce the effective area on which pressure can 
work. You will notice that, with the spool installed, the net 
area is the same as the diameter of the pilot spool. Since the 
pilot spool slides in a clearance fit, oil leakage past this spool 
is connected to the drain passage. 


For lower pressure operation, the spool is removed, and the 
chamber on the right of the main spool is blocked from the 
drain passage with an internal plug. The valve will now shift 
at a considerably lower pressure, since the effective area is 
now the full diameter of the main spool. 


(2) 


and plugging 
pt this drain 
passage... 


(1 By removing the pilot spool... 







j (3) a larger 
effective 
area... 


re 
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Adjustable Spring Force 
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“X” PORT PILOT PRESSURE CONNECTION 


As shown in the illustration, the pilot pressure can be taken 
internally from the valve’s inlet through axial and radial 
drillings in the spool. For internally piloted valves, the ex- 
ternal “X” connection is plugged in the valve housing. With 
this assembly, the valve works much like a relief valve, in 
that pressure at the valve’s inlet shifts the spool to an open 
position once the pressure setting has been reached. As will 
be shown, internally piloted valves are normally used in 
sequence and some counterbalance applications. 


(2) and replacing the orifice with a plug here... 





A 


B xY 
© By removing this plug... 


the valve is converted to an externally piloted 
version. 


“X” Pilot Conversion 


For other applications, it is usually necessary to have the 
valve shift in relationship to a pressure in another part of the 
circuit. By opening the external connection and replacing the 
orifice in the spool with a plug, the pressure signal is con- 
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Internal Pilot Passage 
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A Av External Drain 


A /XY 
External Pilot 


verted to some extemal source. In this assembly, the 
pressure at the valve’s inlet can build to the pressure setting 
of the main system relief, even if the pressure required to 
shift this valve is set quite low. The valve will not open until it 
is signaled to do so by the external source. As will be shown, 
this assembly is generally used for unloading and overcenter 
type counterbalancing applications. 





© By removing this plug... 





"7 connection... 





(2) and plugging the external “‘ 


(3) the valve becomes internally drained. 





“Y” Drain Conversion 


Back pressure in the spring chamber is additive to the 
pressure setting of the valve, as it is in any type of pressure 
control. Generally speaking, multi-function valves can be in- 
ternally drained whenever the valve’s outlet is connected to 
tank during the period when the valve is functioning. If an 
operating system pressure is developed in the valve’s outlet, 
it must be externally drained. With some counterbalance and 
most unloading applications, the valve can be internally 
drained. The effects of internal or external draining are 
shown in the following examples of multi-pressure valves, 
connected in series: 


SET AT 
2000 PSI 


SET AT 
1500 PSI 


SET AT 
500 PSI 
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Externally Drained Valves Are Not Affected By Downstream Pressure 


PILOT OPERATED MULTI-FUNCTION 
VALVES 





The pilot operated version of the multi-function pressure 
control can handle larger flow rates, generally with less 


pressure override than direct operated models. However, in 
most applications of the multi-function valve, pressure 
override is not nearly as critical as pressure override in relief 
applications. In fact, high pressure override characteristics 
can be desirable in some counterbalance applications. We 
will, however, postpone this discussion until we discuss ap- 
plications of the multi-function valves. 


The cross-sectional illustration shows that the pilot section 
functions much like the direct operated valve. The only dif- 
ference is that a high flow cartridge poppet is installed in 
series with the inlet of the pilot valve. Let us now consider 
the operation of this valve. 


STATIC CLOSED CONDITION 


In the closed condition, pressure in the pilot supply passage 
(“X”) cannot create a force large enough to overcome the set- 
ting of the adjustable pilot spring. The pilot spring holds the 
pilot spool in the farthest left position, which closes the 
chamber above the main poppet. Through the orifice in the 
center of the main poppet, inlet pressure is exposed equally 
above and below the poppet. The slightly larger area, and the 
light spring force above the main poppet, keep the poppet 
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Pilot Spool Adjustable Spring Force 
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Pilot Supply Passage Reverse Free Flow Check 
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Inlet Outlet 


closed as long as the pilot spool is held in position by the ad- against the spring, the top side of the poppet is vented to 
justable spring force. System II pressure. Under these conditions, the main poppet 
functions like a simple in-line check valve (Chapter 4). The 
valve allows flow from inlet to outlet as long as System I 
DYNAMIC VALVE OPENING pressure is slightly higher (45 PSI) than that in System I. 
This pressure is needed to move the main poppet against the 


When pilot pressure is high enough to shift the pilot spool spring. 


© When the pilot spool shifts... 







C 7 against this spring... 


US ee 
.. 
a 
sse sappy na ee ee oyyy yy tyty twd t 
s.s esesosra spaan anono nortrn 
— n o n o o a a n o n o n n o n e noe #0 6 aeaa 6 8 8 6 88 
+ 
ne 
2 * 


ME i 


So lll Ce ee ae 
+a p a + BE = eee ee ee vev 
sae es 







sa. o onb 
3- SE ae 
Xe K e A 
R.A Aa Era 
ee L 
R a 
iE K R 


(3) this area is vented to System II. 


(4) When the pressure is 45 
PSI higher here... 
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> the main poppet opens like an in-line check 
valve. 
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PILOT SPOOL DESIGN 


Unlike the relief valve, it is desirable to have the multi- 
function valve open and close more gradually. Since the pur- 
pose of this valve is not to protect the system from over- 
pressure, a slower opening, provides smooth transitions be- 
tween the static and dynamic positions of the valve. In 
unloading and sequencing application, this minimizes the 
compression shocks normally referred to as water hammer. 
In counterbalance and braking applications, a cushioning is 
imposed on the movement of the load. Let us now look at 
the design of the pilot section to see how this gradual 
opening is achieved. 


Tapered Pilot Spool 





Metering Notch 
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Shift Control 


Orifice 


Pilot Section Detail 


If we want the main poppet to open slowly, we must provide 
a gradual decay in pressure above it. Likewise, in closing, the 
reestablishment of the static condition must be achieved 
gradually. This function is easily achieved by using a properly 
designed spool working in conjunction with a relatively stiff 
spring. 


The pilot spool is designed with a slight taper on its sealing 
land. The edge of the land is also provided with ‘V” grooved 
metering notches. The combination of “V” grooves and 
tapered land provides for a gradual opening of the top of the 
main poppet to System II. 


Although the pilot spool only strokes approximately 1/8”, the 
stiff spring also aids in gradual valve opening. That is, pilot 
pressure, which is sufficient to provide initial opening of the 
spool, may not be high enough to move it to the fully opened 
position. The net result is that, as pilot pressure builds on the 
left hand area of the pilot spool, the spool steadily strokes to 
the right against the spring. The top area of the poppet is 
vented through a gradually increasing orifice, which allows a 
smooth opening to System II. This opening, although related 


to set pressure for a given pilot spring, optimally occurs over 
a 100 to 150 PSI change in pilot pressure. 


In some higher pressure applications, a high flow potential 
exists in the “X” pilot line. This high energy potential could 
adversely affect proper operation by causing the pilot spool 
to shift too quickly. To avoid this possibility, an orifice is in- 
stalled in the supply line to the pilot spool end. This limits the 
flow potential to or from the pilot spool, which, in turn, 
restricts its shifting speed. 


“X” and “Y”? PORT CONNECTIONS 


O This valve is internally piloted and internally 
drained. 


the spring chamber 
becomes externally 
drained. 
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By removing 
this plug... 





By removing 
one of these (3) and plugging this 
plugs... internal passage... 





L 4 P our pilot supply is from an external source. 





Note: Illustration is to show operating principles only. It 
does not depict the true port locations of NFPA 
standard mounting interfaces or access locations for 
internal plugs. 


We have already discussed the possibility of converting in- 
ternal and external pilot supplies and drains for the direct 
operated multi-function pressure controls. The cross- 
sectional illustration shows that the same possibilities exist 
for the pilot operated versions. The use of these various 
———— will be discussed in the application descrip- 
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REMOTE PRESSURE ADJUSTMENT 


One precaution which should be considered is that multi- 
function valves are not easily adjustable from an external 
source. First, we do not have an “X” port connection which 
can be used to modulate the pressure on top of the main 
poppet to a value lower than that set on the pilot valve. As 


already explained, the “X” port for multi-function valves 


serves an entirely different purpose. 
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.025” Orifice (approximately) 


f ANT- 


Positive oil supply from 





a separate pump or other 
high pressure part of the 
system. 


SEQUENCE APPLICATIONS FOR 
MULTI-FUNCTION VALVES 


The clamp and work circuit is the classical example of a 
sequence application. There is good reason for this, since 
there is no other method which solves this problem as 
simply. A pressure sequence valve assures a constant 
holding force in System I, while permitting System II to 
operate at any load induced pressure up to the pressure 
value of System I. If System II requires a higher pressure level 
than that needed to do the preliminary work in System I, the 
System will still perform satisfectorily up to the pressure level 
set on the main system relie; It is important to note, 
however, that when System II achieves a pressure level 
higher than that set on the sequence valve, System I will also 
be exposed to this higher pressure. If the work piece or 
machinery in System I could be damaged by this higher 


2-38 


Second, we cannot use the “Y” port method of remote ad- 
justment. The problem here is that the only flow of oil into 
the spring chamber is leakage by the pilot spool. We do not 
have a positive oil supply as we did in the pilot section on 
either the pilot operated relief or the reducing valve. Con- 
sequently, if remote adjustment is absolutely necessary, we 
must select an externally drained valve, and then supply the 
spring chamber with a positive pressure source. As shown in 
the following example, this method can be quite cum- 
bersome. 


@ With lowest desired pressure set here... 


remote adjustment 
to higher pressure 
values can be made 
on this remote relief. 





must be taken. These 


other 
precautions could include sizing the actuators differently to 
obtain the desired force, or using a reducing valve in series 
with the System l actuator. 


pressure, precautions 


The circuit shows a typical installation of a pressure se- 
quence valve. A close look at the cross section will show you 
that most sequence valves are assembled with an internal 
pilot supply, but that they must always have an external 
drain. Upon actuation of the advance solenoid, the circuit 
automatically functions as follows: 


When the advance solenoid is energized, pump flow is di- 
rected to the blind end of the clamp cylinder, and to the inlet 
port of the sequence valve. Initially, the pressure in the line 
supplying the clamping cylinder is not high enough to open 
the sequence valve; hence, the full pump flow is available for 
cylinder extention. Upon reaching the work piece, the clamp 


Typical Sequence Valve Application 


Internal Pilot 
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Retract Solenoid 


cylinder stalls. Since the oil being supplied has nowhere to 
go, the pressure rises to the level which opens the sequence 
valve. The oil is then directed to the blind end of the punch 
cylinder. 


During extension of the punch, there is little or no resistance 
to flow, as the punch is traveling through free air. Without 
the sequence valve in the circuit, the tendency would be for 
the pressure to equalize in both the clamp and the punch cir- 
cuit, at the pressure level needed to extend the punch. 


The sequence valve, however, will not allow this equalization 
of pressure to occur. The moment too much flow is allowed 
to enter the punch circuit, pressure drops slightly in the 
clamping circuit. This drop in pressure results in a relaxation 
of force holding the pilot spool in the original wide open 
position. The main poppet closes against the flow stream un- 
til an orifice is created which will pass the full output of the 
pump at a pressure drop sufficient to maintain clamping 
pressure at valve setting. 


Clamp Cylinder 


External Drain 









| Punch 
— Cylinder 


Advance Solenoid Energized 


When the punch reaches the work piece, pressure rises to 
whatever level is necessary to pierce the material. This 
pressure can be less than, equal to, or greater than the 
minimum pressure required for the clamp circuit. 


If the punch operates at any pressure lower than that 
required for the clamping circuit, the sequence valve 
modulates its orifice to maintain its inlet pressure at valve 
setting. At the same time, as load induced pressure increases 
in the punch circuit, the pressure drop across its main con- 
trol spool decreases. Since the flow across an orifice is 
related to pressure drop, the sequence valve progressively 
moves its main poppet to a more open position, so that it can 
pass the full output flow of the pump. 


When punch pressure is equal to, or greater than, sequence 
valve setting, sufficient pilot pressure exists to hold the valve 
in the wide open position. Pressure in both the clamp and 
punch circuits equalizes at the higher pressure needed for 
the punching operation. 
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(6) to develop a pressure here... 


Clamp Cylinder 








pressure 
here must 
be high 


enough... 


When the 
retract 
solenoid is 
energized.. 


M ral ty by 
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Depending on the mechanical design of the clamping 
mechanism, and the punch operation being performed, this 
example circuit may or may not provide satisfactory 
operation. That is, when the cycle is reversed, there is no 
assurance as to which cylinder will retract first. This will 
depend on which circuit has the path of least resistance to 
flow. Our example is given only to highlight the operating 
principle of a sequence application. 


The example is but one of many sequence variations which 
could be used to solve the particular problem at hand. By the 
simple addition of two check valves in the circuit, we assure 
that during reversal of the circuit, the punch cylinder will 
always be the first to retract. 


This circuit assures a specific order to the interaction of the 
clamp and punch circuits in both operating directions. It does 
not, however, assure a positive pre-determined clamping 
force in the retract mode. You will notice that the rod end of 
the clamp cylinder is also exposed to the pressure needed to 
retract the punch cylinder. Even though there is a captured 
column of fluid between the blind end of the clamp cylinder 
piston, the check valve, and the closed sequence valve, any 
leakage would create a tendency for the retraction of the 
clamping cylinder. Nevertheless, this circuit could provide 
sufficient clamping force for the withdrawal of the punch, 
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pressure and flow potential is 
exposed here. 
















Punch Cylinder 


(3) and here. 


The punch 
cylinder 
retracts 
first... 






which will open this sequence valve, allowing 
return flow to tank. 


especially on very tight systems with fast cycle rates. 


USING A RELIEF VALVE IN A SEQUENCE 
APPLICATION 


It is often possible to use a relief in a sequence operation, 
provided that the selected model can: 


1. Beexternally drained. 

2. Withstand an operating system pressure on its outlet 
(tank) port. The only problem is that during valve 
operation, a continuous flow in the “Y” drain port exists. 


In comparing the pilot section of the relief valve with that of 
the multi-function valve, you will notice one important dif- 
ference. To keep the relief valve open, the pilot relief must be 
relieving fluid from the chamber on top of the main poppet. 
Depending on valve design and size, this pilot flow can be in 
the neighborhood of 3/4 to 1 1/2 GPM. At 3000 PSI, this 
can result in an efficiency loss of two or three horsepower. 
This heat generation and loss of speed in System II are not a 
problem with a multi-function valve used in a sequence 
operation. 


Ta 


One important advantage of the multi-function valve’s pilot 
head is that it opens and closes the main valve poppet with 
an insignificant amount of pilot flow. The actual flow 
required is only that which is displaced during stroking of the 
pilot spool. Likewise, the “Y” drain connection is only to rid 
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COUNTERBALANCE APPLICATIONS 
OF MULTI-FUNCTION VALVES 


Counterbalancing is an often-used term which actually 
covers several distinctly different valve applications. Un- 
fortunately, this generality of meaning came about because 
all operations are related to the mass or inertia of the load 
rather than to the different valve applications. To aid in un- 
derstanding this, we will discuss the individual applications 
and valve variation requirements. We will take a look at the 
different load conditions which determine whether the ap- 
plication is one of counterbalancing, overcenter, or braking. 
But first let us consider the simplest definition of coun- 
terbalancing. 


A counterbalance valve develops a pressure force in its ac- 
tuator, which equally counteracts the force of the load. 


Internal Drain 


this captive column of — 
fluid is pressurized... 


(6) This hydraulic A 


balances the ý 
weight ofthe 


the spring chamber of the oil which leaks by the pilot spool. 
Consequently, we can add to the overall efficiency of the 
total system by selecting the proper valve for sequence ap- 
plications. 






5) distributed over 
this area. 
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downward 
force... 
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Counterbalancing is required whenever gravity can move the 
load faster than the speed intended by the hydraulic system. 
One criteria for the energy conscious designer is that the load 
conditions causing motion should always be the same. Let 
us now take a closer look at a simple counterbalance valve in 
application. 


In this circuit, the basic counterbalance configuration of the 
multi-function valve is internally piloted and drained.In ac- 
tuality, the valve is quite similar to a relief valve. The major 
difference is that a reverse free flow check valve is usually a 
necessity. The check valve permits a free flow of fluid 
towards the actuator in the reverse direction of operation. 


Counterbalance valves can usually be internally drained, 
since the outlet of the valve is connected to tank through the 
directional valve whenever the valve is functioning. However, 
there is nothing preventing the use of the extemal drain in 
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systems with high or fluctuating return line pressures. 


In this. example, when the directional control valve is cen- 
tered, both the rod end of the cylinder, and the outlet of the 
multi-function valve, are connected to tank. It is important to 
choose a directional valve with this center configuration for 
two reasons. 


The first reason is that directional controls shift in a small 
fraction of a second. If the valve were to block the outlet of 
the counterbalance valve rapidly, even if the counterbalance 
were to remain open, the oil coming from the rod end of the 
cylinder would have nowhere to go. This would eliminate the 
cushion stopping of the cylinder, which is one of the main ad- 
vantages of a counterbalance valve in the first place. If we 
allowed the outlet of the counterbalance to be connected to 
tank when the directional control is centered, a cushioned 
stopping of the load would occur. 


The second reason for using a directional control as shown is 
that it is important to preclude the possibility of a pressure 
build up on the top side of the cylinder. If the directional 
valve blocks all ports in center condition, high pressure from 
the pump could leak across the close tolerances of the spool 
and build on the blind end of the cylinder. As we will show, if 
the pressure builds high enough, the counterbalance valve 
will open, allowing the load to drift. 
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For a better understanding, let us assign some arbitrary 
values to the previous circuits. Assume that the load is 
pulling on the cylinder rod with enough force to generate a 
pressure over the rod end area of the piston of 3000 PSI. 
Under these conditions, the counterbalance valve would be 
set slightly higher (3100 PSI) so that it would remain closed, 
supporting the load on a captured column of fluid. 


At this point, it is important to note that although the load is 
supported by the counterbalance valves, it is not safe to 
assume that it is positively locked into position. Most in- 
dustrial counterbalance valves are in some way related to a 
spool design. Leakage, although minimal, could allow the 
load to drift, especially if the load was held for extended time 
periods. As will be shown in Chapter 4, the line contact 
sealing of a pilot operated check valve is the only way to 
assure positive holding of the load. 


When the directional control is energized, pump flow is di- 
rected to the blind end of the cylinder. Since the piston can 
not move against the blocked column of fluid on its opposite 
side, a resistance to flow causes the pressure to rise on the 
top side of the piston. This increases the downward force, 
which in turn increases the pressure on the block column of 
fluid at the rod end of the cylinder. Assuming proper setting 
of the counterbalance, a minimal pressure on the top of the 
piston opens the valve, allowing downward movement of the 
load. 


G ) flow is directed to the blind end of the cylinder. 


| Pressureis 
created 
here... 


(4) which 
increases 
the 
downward 
force and 
the 
pressure 
here. 


The pressure override characteristics of the multifunction 
valve allow it to open gradually over a 100 to 150 PSI 
pressure increase on the top side of the piston. Since 
pressure must be maintained in the blind end of the cylinder 
to keep the load in motion, the counterbalance modulates to 
pass just enough fluid to keep the cylinder from running 
away from the pump supply. The gradual opening and 
closing of the counterbalance valve causes smooth ac- 
celeration and deceleration of the load. 


In our initial description of the counterbalance valve, we said 
that load conditions should be more or less constant. Any 
suspended weight has potential energy, or, better still, a 
potential for doing work. Ideally, since potential energy is 
available for doing the work, no additional energy should 
have to be supplied by the hydraulic system. In actual prac- 
tice, however, we have shown that some energy is necessary 
to override the counterbalance. Of course, the closer the 


(a) When the load is in this position . . . 


load induced 
pressure 


here... 


(4) so that there is - 
no resistance to 
flow leaving the 
rod end of the 
cylinder. 


counterbalance is set to the actual load induced pressure, the 
more efficient the system becomes. 


In our previous example, if we were to remove the load, all of 
the downward force would have to come from the hydraulic 
system. Assuming that we did not alter the setting of the 
counterbalance, all this hydraulic energy would be un- 
necessarily converted into heat as the pressurized fluid was 
forced over the counterbalance valve. 


OVERCENTER COUNTERBALANCE 
VALVES 


There are three specific load conditions which make a simple 







counterbalance valve application undesirable. They are; 
Resistive Load 
Point “A” 
External Pilot 


Internal Drain 


: @ pilots this valve wide 
3 open... 
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over center loads, varying loads, and press applications 
where maximum tonnage is required. However, by externally 
piloting the counterbalance valve from the opposite supply 
line to the actuator, the overcenter counterbalance valve im- 
proves both system performance and efficiency. 


OVERCENTER LOADS 


The term overcenter comes from the fact that, in many ap- 
plications, the machinery’s geometry causes the load con- 
ditions to change from resistive to overrunning. This prin- 
ciple is represented in the example. 


In the position shown, you can see that the load is resisting 
the extension of the cylinder. If a 3000 Ibs. force is required 
at point A to move the load, and the cylinder has a piston 


From Pump 
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Overrunning Load 





area of one square inch, then 3000 PSI pressure is created in 
the fluid being supplied by the pump. At any pressure over 
100 to 200 PSI, the overcenter counterbalance valve is 
piloted wide open, offering little resistance to flow from the 
rod end of the cylinder. 


After the load moves past the center line, the geometry of the 
load forces now pulls on the cylinder rod. When the load is at 
the same angle on the other side of center, a 3000 Ib. load 
force is trying to extend the cylinder. Since the effective area 
on the rod end of the cylinder is slightly less than one square 
inch, a pressure slightly higher than 3000 PSI is needed to 
keep the load from free falling. 


Because the overcenter type counterbalance is externally 
piloted, its opening and closing is not affected by pressure 
conditions in the rod end of the cylinder. It only responds to a 
pressure signal in its external pilot line, or, in this case, in the 





See Text for Explanation 


blind end of the cylinder. 


When the load goes overcenter, the load forces try to pull the 
cylinder’s piston ahead of the oil supply from the pump. 
Under these conditions, there is no resistance to flow from 
the pump. In fact, the moment the piston gets ahead of the 
oil stream, a vacuum condition is created on the blind end of 
the cylinder. 


We said earlier that, because of the pressure override charac- 
teristics of the multifunction valve, a change in pressure was 
necessary to fully open the valve. In our example, if the valve 
is set at 100 PSI cracking pressure, the full open position 
does not occur until a pilot pressure of 200 PSI is reached. 


As the load moves Overcenter, pressure is lost in the blind 
end of the cylinder. Consequently, a tendency for the closing 
of the counterbalance valve exists. The counterbalance valve 
resists the motion of the load with whatever pressure is 
necessary to maintain a 100 to 200 PS| Pressure in the fluid 
being supplied by the pump. 


With a remote pilot, 


low. 
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because of flow at 
a pressure drop 
across this valve. 


basa 


The energy is transformed 
into 1 BTU of heat... 


the pilot pressure 
required to open this valve can be set quite 








OVERCENTER VALVES WITH VARYING LOAD 
CONDITIONS 


The major advantage of using an externally piloted over- 
center type counterbalance valve, with varying load, is that it 
greatly improves system efficiency. We said earlier, in our 
discussion of the simple counterbalance valve, that the 
Pressure Setting of the valve should be set slightly higher than 
the maximum load induced pressure. We also mentioned 


pensate for the loss in load induced pressure. In tum, this un- 
necessarily high pressure is converted into heat as flow is 


When the extemally piloted counterbalance is used, the 
valve becomes insensitive to the load induced pressure. The 
valve allows movement of the overhung load as long as a 
minimum pressure (approximately 100 PSI, depending on 
valve setting) is maintained in the opposite end of the ac- 
tuator. You can see that, under these conditions, the 
hydraulic system never substantially adds to the heat 
generated in lowering the load. Of course, there is no way to 
prevent the potential energy of the load from being converted 
into heat, since the energy must be expelled as the load 


Even if the load varies, the hydraulic 
system adds an insignificant amount 
of heat, since the pressure 
here is always low. 








(1) When this loa 
| is lowered, — 
778 ft.-lbs. 
of potential 
energy must — 
be dissipated. 









1 ft. 


From Pump 
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opens this 
valve... 


OVERCENTER VALVES ALLOW HIGHER 
PRESSING FORCE 


The third major advantage of using a remotely piloted over- 
center type counterbalance valve is that full tonnage can be 
produced after the load has come into contact with a 
mechanical stop. Let us consider a down acting press witha 
relatively heavy upper platen. 


In the example, as the platen moves through free air, its 
weight must be counterbalanced to prevent it from falling. If 
a simple internal pilot valve were to be used in this ap- 
plication, during the final pressing operation, the rod end of 
the piston would also be exposed to the pressure needed to 
counterbalance the weight of the platen during approach. 
This would be undesirable in this application, since the up 
acting counterbalancing force would, in effect, subtract the 
weight of the platen from the available pressing force. On the 
other hand, an extemally piloted valve is wide open the 
moment pressure on the top of the cylinder’s piston exceeds 
the setting of the valve. This vents all pressure from the rod 
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(6) high pressure here... 


(4) by restricting the flow here. 





| @ this valve modulates its flow area... 


From pump | © When the tooling reaches the work piece... 


(3) and maintains 100 PSI here... 










and vents 
this area 
to tank. 


During the 
approach 
to the 
work... 





Work piece 






end of the cylinder. Under these conditions, the total 
pressing force available is calculated by adding the weight of 
the platen to the force due to system pressure over the top 
area of the piston. 


BRAKING WITH AN EXTERNALLY PILOTED 
COUNTERBALANCE VALVE 


A problem sometimes arises when using an externally 
piloted counterbalance valve with fast moving, high inertia 
loads. If, for instance, we wanted to Stop an inertia load in 
some mid position, the “x” port of the counterbalance would 
be vented when the directional control is centered. In losing 
pilot pressure, the counterbalance valve would slam closed, 
immediately stopping the motion of the load. If such a load, 
moving at a high speed, were to be brought to a stop quickly, 
damaging pressure peaks could develop in the service line 
between the actuator and the counterbalance valve. 
Therefore, in systems with high inertia loads, a port or 
crossport relief should be used in conjunction with the ex- 
ternally piloted counterbalance valve. 


UNLOADING VALVES 


Unloading valves are used in hydraulic circuits to offer high 
speeds up to a predetermined pressure level. At valve set- 
ting, a remote pressure signal unloads part of the original 
flow source to tank. A prime example of an unloading ap- 
plication is a two pump “hi-low” unloading circuit. 


In many applications, where high speed and high force are 
not needed simultaneously, you can achieve a considerable 
savings of installed horsepower by selecting a two pump 
system. The first pump supplies high flow at lower operating 
pressures, and the second pump offers higher pressures, but 
at a lower flow. Remember that: 


Flow x Pressure _ Hp 
1714 





(2) exceeds this setting... 
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High volume 
low pressure pump 


E (4) Very little horsepower is required here, ... 


High-Low Unloading Circuit. 


Isolating check valve 


@ When pressure here... 


the high volume pump is unloaded 
to tank at very low pressure. 


You can see that, at low pressure and high flow, the 
calculated horsepower can be the same as it would be if the 
system were operating at high pressure and low flow. Let us 
now take a look at a circuit which accomplishes this task. 


As shown in the example, a multifunction valve with external 
pilot and internal drain can be used to unload the high 
volume pump. As long as the system is operating at a 
pressure lower than that set on the unloading valve, the valve 
remains closed. Under these conditions, the output of the 
high volume pump supplements the output of the small 
pump, and the system operates at full speed. As the system 
offers an increased resistance to flow, pressure builds on the 
outlet of both pumps, and on the pilot spool in the unloading 
valve. When the pressure is high enough to move the pilot 
spool against the spring setting, the output of the high 
volume pump is connected to tank. Whenever the main 
system is operating at a pressure of approximately 100 PSI 
over the setting of the unloading valve, the output of the high 
volume pump is circulated back to tank at minimum 
pressure. If, for some reason, the system pressure drops 


To system 
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5 )to develop 
a high 
pressure 
with a 
lower flow 
potential. 
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@ When this spool is fully shifted ag 
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High Pressure 
Remote Pilot 


below the setting of the unloading valve, the circuit 
automatically shifts itself into high speed operation. 


REMOTE DRAIN OPTION FOR PILOT 
OPERATED UNLOADING VALVES 


Since the outlet of the unloading valve is connected to tank, 
satisfactory operation can normally be achieved by intemally 
draining the valve. However, if it becomes desirable to cir- 
culate the output of the high volume pump through filters 
and heat exchangers, the resistance to flow added by these 
components can adversely affect the efficiency of the 
system. Let us now take a closer look at a pilot operated 
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unloading valve, and how it is affected by back pressure at 
its outlet. 


In unloading applications, the efficiency of the system de- 
pends on the minimum pressure at which the high volume 
pump circulates oil. If, for instance, we were to unload a 100 
GPM pump at 50 PSI, our horsepower to drive the pump 
would be a little less than 3 HP. The same pump, with a 200 
PSI resistance to flow in the unloaded condition, would 
require almost 12 HP to circulate the oil. This not only draws 
unnecessary power from the prime mover, but, in tum, it 
generates an equal amount of heat. A slight modification to 
the pilot spool of a standard multifunction pressure control 
optimizes the minimum pressure at which the valve unloads 
its pump. 


(2) and draining the top of the main poppet externally through these cross drillings . .. 





© By plugging this drain 
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| the high volume pump 
unloads at 45 PSI... 
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which is the minimum pressure 
required to move the main 
poppet against this spring. 


es A 6) Back pressure here has no 
' = influence on the pressure at 
eB which the valve opens. 


To External Drain 


THE HI-LOW UNLOADING VALVE 


We have just shown how an unloading valve can be piped 
into a system to provide unloading of the high volume pump. 
To complete this hi-low circuit, it was necessary to in- 
corporate two separate components, namely, an isolating 
check valve and a high pressure low flow relief. 


Assuming that the selected pumps and system requirements 
fall within the performance capabilities of the valve, multiple 
components and related pipingcan be replaced by a single 
component. As shown in the cross-sectional illustration, this 
valve package consists of a direct operated unloading valve, 
a high pressure relief, and an isolating check valve. Pipe con- 
nections to the valve include high volume pump, high 
pressure pump, system and tank return. 





High pressure closes this check valve after 


the high flow pump is unloaded... 


To System cB 
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G) the high volume pump is unloaded to tank. 


The accumulator unloading valve has been designed 
specifically for use in accumulator circuits. Its design 
provides three functions. It limits maximum system pressure, 
unloads the pump to tank when the accumulator reaches the 
desired pressure, and it reloads the pump to bring the ac- 
cumulator up to full charge after a predetermined minimum 
pressure has been reached. (To better understand the 
operation of this valve, see also Chapter 8, “Accumulators”.) 


It is sufficient, for purposes of this chapter, to say that an ac- 
cumulator stores a given volume of oil under pressure. 
Likewise, at a relatively low pressure, the accumulator stores 
less fluid than it does at full system pressure. Actually, the oil 
volume available from an accumulator is determined by sub- 
tracting the oil volume held at minimum operating pressure 
from the quantity of oil stored at maximum system pressure. 
This differential volume is discharged by the accumulator as 
system pressure drops from maximum to minimum. Of 
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course, the time period during which the drop in pressure oc- 
curs establishes the flow rate available from the ac- 
cumulator. 


Remember: 


Flow= Volume 


Time 


When used with a fixed displacement pump, the ac- 
cumulator unloading valve performs both a relief and an 
unloading function. The valve consists of a cartridge poppet 
pilot operated relief valve, an isolating full flow check valve, 
and an unloading piston, which overrides the pilot relief func- 
tion. Let us now consider the various operating conditions of 
this valve. l 


CHARGING THE ACCUMULATOR 


The operational crosssection shows that this valve has three 
working ports: a pump inlet, a system connection, and a tank 
return. 


The pump’s outlet is connected directly to the pressure port 
of this valve, so that all the pump flow must pass through the 
valve before entering the system. Of course, the tank port is 


Charging the Accumulator 





Accumulator 


Rubber Bladder 


Isolating Check 


To System 
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Unloading Piston 


connected directly to the hydraulic reservoir. If you want to 
pass the retum flow through filters or heat exchangers, you 
should use an external drain for the spring chamber of the 
pilot. 


Assuming that the pilot spring seats the pilot poppet, the 
main poppet is also closed, due to the hydraulic pressure 
balance and the light spring force. The valve delivers flow to 
the system over the isolating check valve, which in tum 
charges the accumulator as pressure in the system increases. 
You will notice that as long as there is flow, a higher pressure 
exists on the right hand area of the unloading piston than on 
the left, due to the pressure drop across the isolating check 
valve. The unloading piston is held in the left most position, 
and has no effect on the relieving function. 


RELIEVING AND UNLOADING OF THE PUMP 


When the accumulator has reached its desired charge, 
system pressure unseats the pilot relief, which causes a 
decay in pressure above the main poppet. At the same time, 
pressure is lost on the right hand area of the unloading 
piston, so that pressure in the system from the accumulator 
holds the unloading piston against the nose of the pilot pop- 
pet, keeping it unseated. The moment the main poppet 
opens, a pressure loss at the inlet of the check valve causes it 
to close, thus isolating the pump from the rest of the system. 


Pilot Poppet 
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From Pump 


Relieving and Unloading of the Pump 





the accumulator 
keeps the valve 
unloaded ~ 


(4) This check 
valve closes... | 


Under these conditions, the pump circulates oil freely to tank 
while pressure in the system is maintained by the ac- 
cumulator. 


RELOADING OF THE PUMP 


The whole purpose of an accumulator unloading valve is to 
prevent the pump from being reloaded the moment a slight 
decay in system pressure occurs. This is exactly the reason a 
standard unloading valve cannot be used in an accumulator 
application. That is, with a standard unloading valve, the 





(4) This area is 17% larger than... 


the pressure keeping the valve unloaded can 
drop to 83% of the original pressure (2490 
PSI) before the pilot poppet will reseat. 


(3) and behind the unloading piston. 


while pressure from 
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small pressure differential 
positions would set up a rapid cycling of the pump between 
the loaded and unloaded conditions. To overcome this 
problem, the pilot head of an accumulator unloading valve is 
designed with differential effective areas between the pilot 
relief and the unloading piston. 


The illustration shows how the accumulator unloading valve 
allows system pressure to fall to a predetermined minimum 
value before reloading the pump. Since the effective area of 
the pilot poppet is smaller than that of the unloading piston, 
a higher pressure is needed to initially move the pilot poppet 
against the spring force. Once the right hand area of the 


If it takes 3000 PSI here to cause the 
initial opening of the pilot . 
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unloading piston is vented over the opened pilot poppet, 
system pressure becomes effective on the larger area of the 
unloading piston. Of course, the larger area means more 
available force, so that we can keep the pilot poppet un- 
seated with a somewhat lower pressure. The area ratio is 
usually in the neighborhood of 17%. 


PRECAUTIONS 


The function of the accumulator unloading valve should not 
be confused with that of an accumulator safety valve. Once 
the accumulator is charged, the unloading valve has no 
means of bleeding the accumulator charge to tank if the 
system is shut down. Likewise, a fully charged accumulator 
is not protected from over pressure due to increased load or 
thermal expansion. The accumulator unloading valve only 
provides pressure protection in regard to the pump’s 
capability to pressurize the system. 


SOLENOID VENTING OPTION 


Like the solenoid venting feature for pilot operated reliefs, a 
directional control can be added to the pilot section of the ac- 
cumulator charging valve. An electrical signal can override 
the unloading of the pump, as was already shown in the 
discussion of pilot operated reliefs. 


MULTI-FUNCTION VALVE SYMBOLS 
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Accumulator Unloading Valve with Solenoid 
Venting 


SYMBOLS 


Since the function of a multifunction valve so closely resem- 
bles that of a relief valve, you will notice that the symbols are 
quite similar. Of course, most multifunction valves include a 
reverse free flow check, which must also be represented in 
symbolic form. In the following examples, you will un- 
derstand the specific valve function being represented by 
paying strict attention to the arrangement of pilot lines. 


Description 


Internal pilot and internal drain, with built-in reverse 
free flow check. Probable use: counterbalance. 





Internal pilot and external drain, with built-in reverse 
free flow check. Probable uses: sequence, coun- 
terbalance. 


External pilot and internal drain, with built in reverse 
free flow check valve. Possible uses: overcenter coun- | 


terbalance or unloading valve. 


External pilot and external drain, with built-in reverse 
free flow check. Possible uses: overcenter coun- 
terbalance, unloading valve, or remote sequence. 





SPECIALTY VALVE SYMBOLS 


Symbol Description 


“Hi- Low” two pump unloading valve. 





Pilot operated accumulator unloading 
valve, internally drained. 
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CONCLUSION 


This chapter has been devoted to an in-depth study of how 
to manipulate forces by controlling pressure. With a 
thorough understanding of the five basic pressure valve func- 
tions, the design engineer’s ability to control the interaction 
of forces is limited only by his imagination. Hydraulic 
systems, when properly designed, put tons of force under 
precise, finger-tip control. 


In reviewing your knowledge of pressure control, you should 
be able to differentiate between the five basic control func- 
tions, namely: relieving, reducing, sequencing, coun- 
terbalancing, and unloading. Likewise, you should un- 
derstand that, no matter how complex the. function, all 
pressure controls operate by balancing a hydraulic force with 
a spring. This spring balancing is readily apparent in direct 
operated valve designs, but it is also the key operating prin- 
ciple in pilot operated versions. 


In reviewing the different pilot operated functions, you will 
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Pilot operated accumulator unloading 
valve, externally drained. | 





Pilot operated accumulator unloading 
valve, with normally open solenoid 
venting. Internally drained. 


discover that no matter what the design or desired function, 
pilot operation always works on the principle of creating 
either balanced or unbalanced pressure conditions across 
the main control element. 


More specifically, in relation to pilot operated pressure 
reliefs, you should know what is meant by the terms remote 
piloting, venting, and high vent option. You should also un 
derstand the three uses of the external pilot drain: for more 
stable pressure adjustments, for remote pressure control, 
and for load sensing. 


The important points covered in our discussion of pressure 
reducing valves were: first, the relieving ability of a pressure 
reducing valve, and, second, the differences between pilot 
operated versions with either primary or secondary control. 
We also mentioned the inherent ability of the reducing valves 
to generate heat in the hydraulic system. 


In addition to your knowledge of relief and reducing func- 
tions, you should also have a good understanding of the ver- 
satility offered by the multi-function family of direct and pilot 


operated valves. You should know the assembly variations 
and application requirements in using the valve in sequence, 
counterbalance, overcenter counterbalance, or unloading 
functions. In addition, you should realize the special 


requirements of accumulator circuits. 


The hydraulic specialist, who understands pressure and how 
to control it, knows just about half of everything there is to 
know in his field. When he combines this knowledge with the 
principles of flow, the designer has the world of hydraulics at 


his fingertips. Chapter 3 will deal with flow and its relation to 


speed in the hydraulic system. 
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CHAPTER 3 
FLOW CONTROLS 


By controlling the volume of oil supplied to the hydraulic ac- 
tuator, we control its speed. In order to further develop the 
concept of flow control as previously introduced, this chapter 
will cover, in detail, the construction and application of 
various flow control components. Flow, although it is func- 
tionally independent of pressure, is influenced in many ways 
by the existing pressure conditions. For this reason, it is im- 
portant that you have a solid understanding of the fact that 
pressure is a resistance to flow. We now wish to cover the 
construction, performance, and applications of both non- 
compensated and pressure compensated flow controls. 
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© If the pump delivers 20 gallons per minute. . . 


NON-COMPENSATED FLOW 
CONTROLS 


We said earlier that orifices in hydraulic circuits are much like 
doorways in crowded halls. The higher the flow rate in 
people per minute, or the smaller the doorway, the more 
crowded it becomes at the entrance. If we think of a large 
auditorium, full of people, and the back wall of this 
auditorium being equipped with doorways the length of the 
wall, the following conditions could occur: 





If, after the performance, the attendants open all the doors, 
there is almost no resistance to the flow of people, and 
everyone can exit in a short amount of time. Under the same 
conditions, if more and more doorways are left locked, the 
time it will take for the people to exit the room will become 
longer and longer. That is, the flow rate of people/minute to 
the outside is reduced as more and more of the exits are 
closed. If the flow of people is restricted severely enough, the 
patience of the people who would be last to leave becomes 
so short, that they elect to sneak out the fire exits. The inlet 
conditions of a flow control can be thought of as a short tem- 
pered crowd, where pushing and shoving is forcing the 
maximum number of people out the main exit (orifice), while 
the others elect to exit via the fire exits (relief valve}. 


As shown in the above example, orifices in hydraulic circuits 
are nothing more than restrictions, which offer an increased 
resistance to flow. Since pressure is required to push the oil 
through the orifice, work (force + motion) is being done on 
the oil. For a given orifice, an increase in pressure drop from 
inlet S outlet is always accompanied by an increase in flow. 
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The actual flow can be calculated from: 


GPM = 24.12 A V AP 
A = orifice area in’ 
Actually, the use of non-compensated flow controls are 
limited to applications where feed rates are not critical and 
where load induced pressure is relatively constant. This is 
true because the pressure drop across an orifice, and thus 
the flow, can be affected by four variables: 


1. An increase in load pressure at the outlet increases 
downstream pressure, and, assuming inlet pressure 
remains at relief valve setting, has the effect of 
decreasing the pressure difference from inlet to outlet. 
This means less flow, and the system slows down with 
increased load. 

2. An increase in the inlet pressure, by raising the relief 
valve setting, has the effect of increasing the pressure 
drop across the orifice, assuming constant load in- 
duced pressure. Therefore, the system speeds up. 

3. By opening and closing the orifice, we change the 
resistance to flow. The lower the resistance, the less 
pressure drop we need from inlet to outlet for any par- 
ticular flow. 

4. The temperature of a fluid affects its viscosity, and in 
turn, the fluid’s resistance to flow. It is well known that 
hot oil is more “fluid” than cold oil. Consequently, like 
water and molasses, hot oil flows more easily through 
a given restriction than does cold oil. This is the 
reason why some systems are sluggish on cold mor- 
ning start ups, and may not achieve full speed for 
several hours. 


NEEDLE VALVES 


Although a flow control can be nothing more than a pipe 
plug with a hole drilled through it, it is usually desirable to be 
able to make an adjustment of the size of the opening. 


The needle valve, as shown in the cross-sectional illustration, 


is the simplest and least expensive way to create a variable 
orifice. 
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In-Line Needle Valve 





Typical Needle Valve Cross Section 


With this valve, the size of the opening, and, consequently, 
the size of the resulting orifice, are changed by adjusting the 
position of the cone (needle) with relation to its seat. As we 
go from the fully closed position (needle in contact with the 
seat) to the fully open position, you can see that we increase 
the ring area through which the oil flows. Although this valve 
will control the flow in either direction, it is advisable to cause 
the flow to pass first through the seat, then past the needle to 
the outlet. By flowing in this direction, the metered flow en- 
ters the outlet in a divergent flow path, resulting in less tur- 
bulence. This means maximum efficiency, less noise 
generation, and lowest possible variation in metering with 
changing flow, due to increasing and decreasing pressure 
drop. This is true because back pressure due to turbulence is 
minimized. 


NON-COMPENSATED FLOW 
CONTROLS WITH REVERSE 
FREE FLOW CHECK VALVES 


In most hydraulic circuits, it is usually a requirement to have 
an independently adjustable speed setting for each direction 
of motion. If, for example, we wanted a cylinder to extend 
and to retract at the same, but adjustable, speed, we would 
have to use two flow controls, since more flow is required to 
extend the cylinder than is necessary to retract it at an equal 
velocity. 


G)To achieve equal advance and retract speeds... 









because this 
cylinder end 
holds more oil 
than the rod 
end. 





A. Reverse Free 4 
L Flow Check © 
® Valves i 


this flow control 
must have a larger 
opening... 


(retract mode shown) 



















In this circuit, we need to have flow controls that control flow 
in only one direction. If we had needle valves without reverse 
free flow checks, the setting of the flow control on the rod 
end of the cylinder would also control the speed of the 
cylinder in the extend mode, because it would be metering 
the oil being forced out the rod end. Likewise, in retracting, 
both flow controls would have a part in influencing the 
cylinder’s speed. 


© In the extend mode... 






since oil 









coming 
by free — 
flowing the rod 
: end can 
over this 
check bypass 
valve. this — 
restric- 
tion... 





only this flow control 
affects cylinder speed. . ! 





The cross-sectional illustration shows a typical flow control 
with reverse free flow check. In this model, by rotating the 
outside sleeve, more or less of the radial drilling flow areas 
can be exposed. As you can see, flow in the opposite direc- 
tion opens the check valve, thus by-passing the metering 
area in the valve. 


| 


Outside Sleeve 





Free Flow Check Poppet 


| ata a 
eaa 





SC sg E 
a NLA a a a a 
————— 


In-Line Flow Control With 
Reverse Free Flow Check 


ADJUSTMENT SENSITIVITY 


Normally, when selecting a non-compensated flow control, 
you simply have to choose one that will pass the full flow 
with very little pressure drop when it is wide open. Of course, 
you must also consider its maximum pressure rating. 
Although mounting convenience, type of adjustment, and 
aesthetics will have an influence on your decision, you must 
also consider the accuracy of adjustment for any particular 
model. With some valve designs, it is virtually impossible to 
make fine tuning speed adjustments. A valve using coarse 
threads and a low angle cone has very few turns between the 
full closed and the full open position. This valve quality is 
exaggerated in the following cross sections: 


—— 


Valve A L | Valve B 


—— —— 





As shown, valve “A” would be almost completely open in 
two turns of the adjustment, while with valve “B” a very 
minute change occurs during two revolutions of the hand- 
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knob. As shown in the graph, valve “B” requires many more 
tums from fully closed to fully open. Consequently, it has the 


Flow GPM 


Throttle Position 


SANDWICH MOUNTED VALVES 





Since, in most applications, we want to control the speed of 
the actuator in both directions, the logical place to install the 
flow controls is in the lines supplying the actuator from the 
directional control. For piping convenience, dual flow con- 
trols with reverse free flow checks are available for sandwich 
mounting between the directional control and its subplate. 
These valves are usually non-pressure compensated. 
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more sensitive adjustment. 
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(no. of turns) 





As shown in the cross-sectional illustration, the pressure 
supply (red) and the tank return (blue) from the directional 
valve are allowed to pass through the valve unrestricted. In 
the illustration of the top view of the valve, you can see that 
flow control is achieved when the poppet’s position is ad- 
justed laterally to cause a partial blockage of the “A” and “B” 
cylinder lines. 


Spool Type Directional Control 





A Port Flow Setting | T A P B T | B Port Flow Setting 


To Actuator 








a) This poppet is backed off, 
so there is little 

resistance to flow in 

its cylinder passage. 


f Op 


By adjusting the poppet 
position inward... 


( 3 ) a partial blockage occurs 

— in this passage, which 
increases the resistance 
to flow. 


Top View of Sandwich Valve 


Since space is at a premium with sandwich mounted valves, as the reverse free flow check in the opposite direction of 
the poppet which controls flow in one direction also serves flow. 
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The poppet shifts against the spring 
allowing an unrestricted passage. 
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Since a pressure drop 
always exists as oil 
flows across a restriction... 


while the return passes 
unrestricted through 


the valve. 
@) the oil being supplied is 


| ——»> 
bli 
— to the blind (8) During extension of the 
cylinder.. 


You will notice that, when the directional control is shifted to with symmetrical porting patterns, the position of the flow 
cause the cylinder to retract, the conditions of pressure on control can be reversed by 180°, so that the oil retuming 
the flow control poppets are reversed. This allows an in- from the actuator is controlled, while the supply oil enters 
dependent speed adjustment in the retract mode. As shown, unrestricted. Meter-in and meter-out circuits will be covered 
we are metering the oil being supplied to the cylinder. This is in detail later in the chapter. 

commonly referred to as meter-in. For directional controls 





ACCURACY OF SPEED CONTROL 


We have already discussed adjustment sensitivity, and how 
it is influenced by valve design. We now wish to consider the 
accuracy of any given flow control setting as load conditions 
change. The accuracy of a given circuit is determined by 
measuring the percentage of speed change during operation 
of the actuator. In actual application, there are four variables 
which can influence the accuracy of any given speed setting. 
The first two of these variables are determined by the valve 
design selected, while the second two are circuit oriented. 
Let us now look at the variables which determine accuracy. 


PRESSURE CONDITIONS AFFECT SPEED ACCURACY 


First of all, if our circuit incorporates a non-pressure com- 
pensated orifice, the speed will vary as we change the 
pressure drop across this orifice. Without an alteration in 
either the setting of the flow control or the relief, the speed 
will always drop as the load pressure increases. It is virtually 
impossible to overcome this variable without adding pressure 
compensation to the valve. Consequently, the accuracy of 
speed regulation is determined by the valve selected. 


TEMPERATURE CONDITIONS AFFECT SPEED AC- 
CURACY 


The second cause of inaccuracy in speed setting is related to 
temperature and its effect on fluid viscosity. We said before 
that hot oil is more fluid than cold oil. Therefore, the colder 
the oil, the more resistance there is to flow. The percentage 
of accuracy in terms of temperature corresponds to the rate 
of speed increase as the system warms up from cold morning 
start-up to operation temperature. Temperature compen- 
sation and its effect on accuracy of adjustment are deter- 
mined by the valve design. 


ACTUATOR EFFICIENCY AFFECTS SPEED AC- 
CURACY 


The third cause of speed loss is related to the efficiency of 
the actuator. With most cylinder circuits, the volumetric ef- 
ficiency approaches 100%, which results in very minute 
speed losses because of leakage in the acutator. We must, 
however, take into account the volumetric efficiency when 
we are dealing with hydraulic motors as our actuators. The 
motors volumetric efficiency can add to the overall speed 
variation with increased load. This is true because, as load 
induced pressure increases, we have a higher pressure drop 
across the clearance fits in the motor, resulting in a higher 
case drain flow. Since actuator leakage can be isolated so 
as not to affect adjusted speed, this variable is circuit 
dependent. 


PUMP EFFICIENCY AFFECTS SPEED ACCURACY 


The fourth concern is the effect of pump efficiency on speed 
variation. It is a well known fact that pump leakage increases 


with increased pressure at its outlet. In some flow control in- 
stallations, it is possible that the decrease in output flow of 
the pump will show up as an additional decrease in speed 
with increasing load. Like motor leakage, pump leakage can 
be isolated so that it will not affect adjusted output speed. 
Consequently, this variable is also circuit dependent. 


We now want to take a closer look at ways to eliminate the 
variables in order to obtain the highest accuracy and/or best 
efficiency in speed control circuits. Since component selec- 
tion plays only one part in overall efficiency or accuracy, a 
trade-off of accuracy for efficiency or vice versa is left to the 
designer. 


PRESSURE COMPENSATION 


To maintain a constant flow, we need only to keep the 
pressure drop across the orifice at a constant. Assuming that 
the load induced pressure is constantly changing with 
changing loads, we would have constant flow if we could 
vary the inlet pressure of the orifice at the same rate. This is 
exactly what a pressure compensated control does. 


In the most primitive form, pressure compensation is nothing 
more than a needle valve with a pressure regulating valve 
(normally, a reducing valve) in series with it. Between U load 
pressure and stall, we would have a pressure compensated 
flow as long as the machine operator readjusted the inlet 
pressure to the orifice each time a change in load occured. 


To obtain a flow across the orifice, however, the operator 
would have to be sure to set the inlet at some constant 
pressure, higher than load pressure, so that the necessary 
pressure differential would occur. That is, if load induced 
pressure were 500 PSI, he would have to adjust the reducing 
valve to obtain an inlet pressure of, 600 PSI. The moment 
the load changed to 750 PSI, he would have to readjust the 
reducing valve to 850 PSI, and so on. In actual application, it 
would be impractical to requlate the reducing valve manually 
with each load change. There are, however, valves available 
which do this function automatically. 


2-WAY RESTRICTOR TYPE PRESSURE 
COMPENSATED FLOW CONTROLS 


The two way pressure compensated flow control consists of 
an adjustable control orifice which is mounted downstream 
and in series with a pressure reducing valve spool, called a 
hydrostat. You will notice in the operational cross-section, 
the hydrostat is a spool type reducing valve, which is nor- 
mally open, allowing the inlet of the valve to be directly con- 
nected to the inlet of the main control orifice. The spool is 
held in the open position by a light spring force, which, 
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Main Control 
Orifice Flow Check 


Cross Section Pressure Compensated Flow Control 


depending on the size of the valve, opposes a hydraulic force 
(45 to 170 PSI) on the opposite end of the spool. Assuming 
that the outlet of the valve is connected to tank, you can 
easily see how the pressure working on the right-hand area of 
the spool meters the oil supply so that the main control 
orifice is never exposed to a higher pressure than is deter- 
mined by the spring. It does not matter whether the main 
system relief is set at 300 PSI or 5000 PSI. The hydrostat 
will position itself so that the pressure downstream of its 
control land is always equal to the spring force. 


SENSING PRESSURE DROP 


The hydrostat is nothing more than a reducing valve spool 
with a piston of larger diameter machined on one end. The 
piston rides in a close fitting bore in the valve housing, which 
is cored to expose outlet pressure on the spring side of the 
piston, while inlet pressure is exposed on the opposite side 
due to the radial and axial cross drilling through the 
hydrostat. You will notice that, inlet pressure works on the 
same effective piston area as the outlet pressure sensed on 
the opposite side. 





Pressure sensing on inlet and outlet of main con- 
trol orifice. 


Assuming that inlet pressure is equal to outlet pressure, there 
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would be no net differential force on the spool. However, by 
adding to the outlet pressure a supplemental spring force of 
60 PSI, the spool would be in equilibrium when inlet pressure 
is 60 PSI higher than outlet pressure. 


Let us look at a situation in which a cylinder is moving a load 
at the rate set on the main control orifice, which has a 60 PSI 
differential pressure from inlet to outlet, as established by the 
hydrostat. The moment some of the load was taken from the 
cylinder, a tendency to increase speed would exist because 
of increased pressure drop across the main control orifice. 
However, the loss in outlet pressure would also be sensed on 
the outlet side of the hydrostat. This loss in pressure would 
mean a loss in force holding it in the previous equilibrium 
condition. Consequently, inlet pressure exerting the higher 
force would move the hydrostat against the spring. A 
movement to the left would close the flow area between the 
spool land and the valve housing, which would cause a 
higher pressure drop from valve inlet to control orifice inlet. 
The inlet pressure at the control orifice would be reduced 
only to the point at which equilibrium on the hydrostat were 
reestablished. The net result would be that cylinder speed 
remains constant, since the pressure drop across the control 
orifice is automatically adjusted. 


On the other hand, if we were to increase the load on the 
cylinder, the outlet pressure on the flow control would also 
increase. This would cause the hydrostat to move to the 
right, which would open the flow area between its spool land, 
and the valve housing. This would subtract from the original 
resistance to flow that was being imposed by the hydrostat 
until inlet pressure increased to the equilibrium condition, 
when inlet pressure is 60 PSI higher than outlet pressure. 


ANTI-LUNGE DEVICE 


An undesirable operating characteristic of pressure com- 
pensated flow controls often occurs when the flow control is 
mounted in the actuator supply lines from the directional 
control. Under these conditions, when the directional control 
is centered, it is possible that the inlet and outlet of the flow 
control could be at zero pressure. In a static no-flow con- 
dition, the spring would hold the hydrostat in the fully open 
position. 


If the directional valve were energized for a short time period, 
too much flow and pressure potential would be exposed at 
the inlet of the control orifice, since the hydrostat could not 
respond fast enough from its wide open position. The net 
result would be that the cylinder lunged forward uncontrolled 
during the time period necessary to establish equilibrium on 
the hydrostat. The response of the hydrostat is dependent 
on the oil volume downstream of the flow control and can 
range from 60 ms to over a second. This characteristic is 
plotted on the velocity time graph below: 


Set Velocity 






Cylind 
Veloci 


Also, in actual application, the condition is more severe 
when a low flow setting is adjusted on a relatively large valve. 
This is true because, under these conditions, the hydrostat 
has to be displaced further to achieve its equilibrium con- 
dition for a low flow state. 


To eliminate or drastically reduce the lunge, pressure com- 
pensated flow controls can be supplied with stroke limiters 
on the hydrostat, which are commonly referred to as anti- 
lunge adjustments. The theory behind their function is that if 
we limit the stroke of the hydrostat to its maximum open 
position during dynamic operation, when the flow control 
goes from no flow to dynamic operation the initial pressure 
drop will exist because of mechanical positioning of the 
spool. Likewise, the spool displacement to achieve 
equilibrium, under any slower operating condition, is 
shortened. This reduces the response time of the valve. 





Pressure and Temperature Compensated Flow 
Control 


SETTING THE ANTI-LUNGE ADJUSTMENT 


Since spool positioning can only be optimum for one flow 
setting, the best lunge control is achieved by setting the ad- 
justment according to the following procedure, each time the 
main control setting is changed. If this is inconvenient, the 
anti-lunge control can be set for the maximum operating 
speed of the machine. The compromise is that at a lower 
speed setting, the lunge characteristics although reduced, are 
not completely eliminated. 


1. Be sure anti-lunge adjustment is backed off all the way. 

2. Operate actuator at full load and set the desired speed 
on the main control orifice. 

3. While cycling in the speed control mode under full load, 
turn the anti-lunge adjustment inward until a noticeable 
decrease in speed occurs. 

4. Back off on the adjustment until the desired speed is 


just reestablished. 

5. Turn adjustment out one full turn. 

6. Recycle the system from static to dynamic condition. 
The lunge should be almost completely eliminated. 


REVERSE FREE FLOW CHECK 


Since a pressure compensated valve can only operate in one 
direction, it is usually supplied with a standard reverse free 
flow check, ‘which by-passes the main orifice and hydrostat 
during return flow conditions. Since the check valve is held 
closed by high inlet pressure during the controlled flow direc- 
tion, it does not influence applications when there can only 
be one direction of flow through the valve. 


LOCKING ADJUSTMENT 


On complicated machinery, machine set-up can be a multi- 
step procedure. Likewise, since each step in the set-up 
sequence is dependent on the previous setting, it is desirable 
to preclude the possibility of unauthorized adjustments of an 
intermediate speed setting. On the other hand, even simple 
machinery, if allowed to operate at too high a speed, could 
endanger the operator, the final product, or the equipment it- 
self. For these reasons, most flow control manufacturers of- 
fer some type of locking mechanism for their flow control ad- 
justments. 


HOW FOOL PROOF IS THE LOCK 


Unfortunately, a lock has never been made that cannot be 
opened by someone intent on doing so. Similarly, a flow con- 
trol has not been developed whose setting cannot be by- 
passed in any one of many possible ways. We do not intend 
to discuss all these methods, which, in a sense, would be like 
teaching the lock-picker how to be better at his job. We only 
want you to understand which lock would be best for your 
situation. Basically, there are three methods of isolating an 
adjustment so that it cannot be manipulated by an 
unauthorized operator. 


The first method is simply to hide the adjustment knob in 
some type of strong box, which must be unlocked and 
opened to get access to the adjustment. Although this is a 
deterent to the casual knob twister, it is nothing more than a 
challenge, so to speak, to the operator who can make more 
money, if his machine produces more pieces. 


Another method is to leave the adjustment in full view, but to 
prevent the setting from being changed by some mechanical 
means. The problem with this is that the culprit will soon find 
out that when he supplies enough torque, the locking 
mechanisms will break. Even though a 36” pipe wrench 
would scratch up the hand knob, by using it, he would even- 
tually crack the lock. 


The most foolproof method of locking the adjustment is to 
allow the nob to free wheel when locked. The unauthorized 
operator would then have to pick the lock in order to reach 
the adjustment. 
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Sharp Edge Orifice 





with a length dimension “L”,we see, through experimenta- 
tion,that high viscosity fluids resist flowing through this orifice 
much more than do lower viscosity ones. This is true 
because of the high kinetic friction between the fluid 
molecules themselves, and the pipe, as they are forced 
through the reduced diameter for the given length. It stands 
to reason that if we cut the length of the orifice in half, we 
considerably reduce the friction and thus make the orifice 
less sensitive to viscosity. Of course, since we still have fric- 
tion involved, a fluid like molasses would still require more 





Sharp Edged Orifice 


pressure drop for a given amount of flow than would water. 
But since friction is related to length, each time we cut the 
length in half, the less sensitive it becomes to viscosity 
changes. In theory, as we approach an orifice with a length 
dimension of zero, we become immune to changes in 
viscosity. Unfortunately, it is impossible to manufacture an 
orifice with a length dimension of zero. We must, therefore, 
accept the fact that an orifice with a very sharp edge will 
display flow characteristics which are somewhat dependent 
on viscosity. In actual practice, though, we find that as we 
vary the temperature between 65° and 160°F., the maximum 
variation in flow because of viscosity changes is between 1 
and 1.5%. This accuracy is more than acceptable for even 
the most sophisticated hydraulic circuits. 


ACCURACY OF PRESSURE/ 
TEMPERATURE COMPENSATED 
FLOW CONTROLS 


In discussing the capability of the circuit to maintain speed, 
we have covered the two component oriented variables, 
namely, pressure, and temperature compensation. We have 
shown how the use of sharp edged orifices can be con- 
siderably more accurate for temperature compensation, than 
is the use of a bimetallic rod. However, we have not assigned 
a number value to pressure compensation accuracy. The ac- 
curacy of a valve’s pressure compensating ability is largely 
dependent on the machining accuracy put into the hydrostat 
during manufacture. This is of utmost importance, par- 
ticularly for a low flow rate, because leakage from the inlet to 
the metered port across the hydrostat piston has a definite 
effect on overall accuracy in speed control. 


In the pressure/temperature compensated valves available 
today, speed variation can be anywhere between + 2% to + 
20% of maximum flow, depending on design and quality 
control. These figures represent both the valve’s pressure 
and temperature compensating accuracy combined. 


When accuracy is important, care should be exercised in 
valve selection, since all pressure compensated valves are 
not necessarily temperature compensated and vice versa. 


Up to this point, we have discussed and shown the flow con- 
trol metering the output flow of the pump to the hydraulic ac- 
tuator. In the hydraulic industry, we refer to this as a meter-in 
circuit. Since the application of the flow control can have as 
much or more effect on the accuracy of speed regulation, we 
now want to discuss the merits of different types of speed 
control circuits. 


METER-IN CIRCUITS 


Meter-in circuits are limited to applications where the load 
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always offers a resistive force. In these circuits, the piston in ABILITY TO MAINTAIN SET SPEED 

the hydraulic cylinder (or rotary group ina hydraulic motor) is 

held captive between the pressurized fluid and the load. If for 

some reason the load conditions change, there is nothing to In analyzing our meter-in circuit, we find that variations in 
prevent the load and piston from running away from the fluid pump leakage have no affect on the set speed of our actuator. 
being supplied to the actuator. The fact that we are restricting the pump supply tells us that 


— (2) load induced 


pressure is low. 
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we did not need all of its output flow in the first place. It 
does not matter whether we force the excess oil over the relief 
valve or cause it to be leaked out the case drain of the pump. 
Our output speed is only influenced by the oil which passes 
through the flow control. 


On the other hand, meter-in circuits have no means of sup- 
plying more oil to make up for increased actuator leakage 
with increased load. For this reason, meter-in circuits are 
considerably more accurate on cylinder circuits than they are 
with hydraulic motors. 


In meter-in motor circuits, the volumetric efficiency has a 
definite influence on the overall speed variation with in- 
creased load. As load pressure increases, a higher pressure 
drop across the clearance fits in the motor exists. This in 
turn, creates a higher case drain flow. Even if we use a very 
accurate pressure and temperature compensated flow con- 
trol on our meter-in circuit, we can see a considerable 
decrease in speed because of motor leakage. Remember, 
flow which leaks out of the case drain cannot create 
revolution of the motor. If a non-compensated flow control 
is used, the speed accuracy is considerably worse. 


In circuits without actuator leakage, meter-in control is as ac- 
curate as any type of flow control circuit. Likewise, when ex- 
tremely fine feed rates are required, as found in machine tool 
drives, the meter-in circuit has definite advantages. Since we 
are talking about extremely fine control, we must discuss 
these circuits on the assumption that we are using a high 
quality pressure and temperature compensated flow control. 


SURGE DAMPENING IN 
BRANCH CIRCUITS 


An inherent advantage of meter-in circuits is that several 
operations can be performed simultaneously by the same 
pump. The only precaution necessary is that, in the design 
stage, the maximum flow for all simultaneous operations be 
determined. We can then size the pump (or pump with ac- 
cumulator) so that adequate flow is provided during all por- 
tions of the cycle. Assuming we are metering-in on a number 
of operations, as long as the sum total of all the controlled 
flows is less than the output of the pump, the pressure at the 
inlet of all flow controls will be at relief valve setting. This 
allows different functions to occur at different pressure levels, 
without interaction. 


The advantage of meter-in pressure compensated flow con- 
trols becomes apparent when we begin starting and stopping 
different branch circuits while the others are in operation. As 
branch circuits start and stop, more or less oil, respectively, 
must be supplied. This change in flow rates in the primary 
supply sets up pressure transients in the circuit, which could 
affect smooth operation in other branches. The beauty of 
meter-in circuits is that these transients are dampened by the 
hydrostat in the pressure compensated flow control,so that a 


steady state flow is maintained to the actuator. This would 
not be the case with meter-out control, since pressure surges 
would have to pass through the actuator before they would 
be taken out by the hydrostat. 


METER-IN CIRCUITS AND OIL 
COMPRESSIBILITY 


In critical operations, such as those found in machine tool 
drives, we often must extend the cylinders smoothly and at 
very constant velocity. If there is a possibility of changes in 
load, the compressibility of the oil has a negative influence on 
our constant velocity. 


The bulk modulus of a fluid describes its change in volume 
(AV) when it is pressurized. From the bulk modulus formula 
we have: 


Vx AP 


AV= 2 


where: AV = change in volume (in?) 
V = original volume (in?) 
AP = pressure change (PSI) 


B= bulk modulus of the fluid 


Since we are more concerned with the lunge characteristic 
(AS), we can write the above formula as follows: 


— 

AS — 

AS = change in stroke (in) 

AV = change in volume (in?) 
A = net area of piston (in?) 


where: 


By substitution we have: 


_VxAP 
where: V= Vp+(AxS) 
and: AP= AL 


Consequently, the formula for change in stroke (lunge) can 
be written as follows: 


_ (Vp+(AxS))x AL 
la ae 


AS = lunge (in) 
Vp = volume in pipe (in?) 
= net piston area (in?) 
= stroke (in) 
AL = load change (Ibs) 
= bulk modulus of the fluid 


RE Ard) 


Cyt Eatery ISTE [aw 


Mii XL - 
—— 
17 (T CT ÑT. L. X 


Bi. 


Tet | 


L LAA, wanes! 


NL US heed Corn rapescial 
NEG TKE CUS ont ie UU 
y ye E B wre wre Said 512 


* nl — 3-13 
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Area of the blind end = 4.9 in? 
Net area of the rod end = 2.5 in? 


Assuming we can calculate the change in stroke, we can also A, 
determine the change in velocity (AV), if we know how long A, 


it takes for the load to change. $ Stroke 
AS = Lunge (which can be positive or negative, 
AV = AS .60 depending on the direction of the load 
AT change) 
b) Load Change 
AV = velocity change (in/min.) L = Full load = 3000 lbs. 
AS = lunge (in) i L, = Reduced load = 1000 Ibs. 
AT = time for load change (seconds) AL = Load change = 2000 lbs. 
c) Time for load change: 
Let us now apply these formulas to the meter-in and meter- AT = 1 second 
out circuits at different stroke lengths, under the following d) Volume of oil in lines: 
operating conditions. 3/4” tubing x .049” wall x 9’ length 
Vp = 36in3 
Parameters: e) Bulk modulus of the oil: 
a) Cylinder B = 2.0x 10 lb/in? 


212” Bore x 1-3/4” Rod x 36” Stroke 
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Stroke = 24” 
-136 + (a: 9 x 24)) x 2000 


x1 = 0.064” 


AV — = 3.8 in/min. 


Stroke = 12” 
AS = _(36+(4.9x — x 2000 = 0.039” 


(4.9)? x 


x 105 


AV = 2-039" x 60 _ 


i 2.4 in/min. 


The above calculations show that when we are extending 


cylinders with very precise control, metering-in to the larger 


volume on the blind end of the cylinder, we considerably 
reduce lunge (or hesitation) as the load changes. 


HEAT GENERATION WITH METER-IN 
CIRCUITS 


Whenever a restriction is put in series with the load, the ad- 
ditional resistance to flow is additive to the load induced 
pressure. Since the pump and relief valve have no way of 
determining whether the increased pressure is load induced 
or orifice induced, the pump draws more and more horse- 
power from the prime mover, so that it can pump its rated 
flow against the increased resistance. The relief valve limits 
the maximum pressure in the system, and begins dumping 
high pressure fluid to tank when the restriction adds suf- 
ficient resistance to flow. The sum total of load induced 
pressure and back pressure of the orifice equals relief valve 
setting. Flow which is not needed to produce cylinder speed 
is dumped to tank at maximum pressure, or in other words, 
when input horsepower is at its highest. With meter-in series 
circuits, heat generation is highest at lower actuator speeds, 
and it becomes lower and lower as we approach full speed of 
the actuator. (Calculation of heat generated has been 
covered in detail in the Hydraulic Principles Chapter.) 
Although it may sometimes be necessary, we should try to 
avoid using meter-in series circuits when we are operating at 
low speeds a high percentage of the time. 


METER-OUT CIRCUITS 


A long standing rule-of-thumb in the hydraulic industry 
states, “When in doubt, meter-out”. Unfortunately, meter-out 
circuits frequently created problems with cylinder damage or 
leakage because of rod end pressure intensification. 


A meter-out circuit is a series circuit much like a meter-in 


24 


le! 


XD * Nese 


Stroke = 36-24” = 12” 
AS ="(9.5)?x2.0x 1 = 0:106 


Ay =0:106" x 60 _ 


1 6.3 in/min. 


Stroke = 36” - 12” =24” 
_ (36 + (2.5 x 24)) x 2000 _ = 
AS=172.5)}x 20x10 2-154 


AV =9-154 x60. 9.2 in/min. 








Meter-out circuits prevent run-away but can also 
create problems with excessive rod end pressure. 


control, as shown in the above illustration. The only dif- 
ference is that with meter-out circuits, the flow control is 
mounted in series after the actuator. The back pressure 
created by the flow control is exposed on the annulus area of 
the rod end side of the piston, which captures the piston, so 
that it can move only at the rate which the flow control will 
allow. 


As in meter-in circuits, the load affects the differential 
pressure across the flow control in meter-out installations. 
With meter-out circuits, however, the outlet of the flow con- 
trol is more or less at constant pressure (atmospheric), while 
the inlet pressure varies with changes in loads. Let us now 
take a closer look at how the load affects the inlet pressure of 
the flow control on meter-out applications. 


When the flow control is in the wide open position, it offers 
little or no resistance to the flow leaving the opposite end of 
the cylinder. The cylinder will extend at maximum speed, 
assuming that load induced pressure is less than the relief 
valve setting. Under these conditions, it would be possible 
for a negative load to run ahead of the pump. 


When the load induced pressure approaches relief valve set- 
ting, it causes speed — to begin the moment the flow 
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Little or No 


Load Back Pressure 


Induced 
Pressure 


2000 PSI 
Load 
Induced 
Pressure 


J| Artificial Load 
| Created by Flow 
Control 


Controlled Speed 


AE 





the load induced pressure 
(2900 PSI) is close to 
relief valve setting. 
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Setting 3000 PSI 


control back pressures the annulus area on the rod end. The 
total force required to extend the cylinder is the force needed 
to move the load, plus the artifical force created by the back 
pressure offered by the flow control, over the net piston area 
of the rod end. If we reduce the load, a non-compensated 
flow control would allow the cylinder to increase its speed. 
This happens with reduced loads, since more of the resis- 
tance to flow has to be provided by the flow control. The 
higher the back pressure the meter-out flow control must of- 
fer, the higher the pressure drop across it to tank. This dif- 
ferential pressure is amplified by the area ratio (pressure in- 
tensification) of the cylinder. As the load decreases the speed 
increases more than it would with a meter-in circuit. 
Likewise, for a given speed, we must see an increase in back 
pressure when a pressure compensated valve is used. 


PRESSURE COMPENSATED 
METER-OUT CONTROL 


Pressure compensated controls in meter-out installations 
very accurately maintain a set speed, because they have the 
ability to self regulate the back pressure on the actuator 
when a change in load occurs. We said in the first chapter 
that it takes more power to move a given load faster than it 
does to move it more slowly. As you can see from the 
following example, the pressure compensated flow control 
always makes the actuator look as if it were operating at 
maximum load for any given speed setting. The potential 
power, which is not required, is changed into heat as the ex- 
cess flow passes over the relief valve. 


2) and the motor is operating under 
fuil load... 










O (4) Consequently, it takes very 

: little back pressure to open 
the relief (100 PSI) so that 
it will by-pass the excess 
pump flow. 


When this pressure 
and temperature 
compensated flow 
control is set to 
pass 5 GPM... 


Q) With reduced load... 


(2) only a 500 PSI pressure 
drop across the motor is 
needed to create the 
required torque. 






the pressure ahead of the 
actuator must be at 3000 7 
PSI, so that 5 GPM can 
pass over the relief. 





L 
Setting 3000 PSI 






PRESSURE INTENSIFICATION WITH 
METER-OUT CIRCUITS 


With the motor actuator cited in the previous example, it was 
safe to assume that back pressure created by the flow con- 
trol would simply be relief valve pressure,minus load induced 
pressure. We could do this because pressure on the motors 
outlet creates an artificial negative torque, which is equal in 
magnitude to the positive torque that would be created by a 
similar pressure at the motor’s inlet. An often overlooked, 


@ If this area is 2x as large... 


(4) When 3000 PSI 
at this end... 


Ka 


Uw 
This can double the bearing 
load on the motor with high 
. pressure on both ports. | 













© The flow control creates a 2500 

PSI back pressure to maintain 

the 500 PSI A P and keep 

the system operating at half 
speed. 









—F 








— 


But if this flow control 
can only pass 5 GPM... 


but potentially dangerous application of meter-out circuits 
occurs when we use cylinders with different input and output 
areas of the main piston. 


For instance, if we take a cylinder with a 2:1 ratio, we find 


that output force equilibrium occurs when we have different 
pressures in the rod and blind ends of the cylinder. 


(2) as this area... 


an equilibrium of forces 
trying to move the rod 
occurs... 


is balanced by 6000 PSI 
on the rod end. 
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By applying a differential cylinder to our pressure com- 
pensated meter-out circuit, we find that pressure levels in the 
system can become dangerously high. With overrunning load 







G) With a 2:1 cylinder... 


C 3 a load induced 
pressure of 
2900 PSI is 


created. 
QO 
(4)3000 PS1 is 


needed to 
open the relief 
so that it can 
pass the excess 
of 5 GPM. 












10 GPM 


Under the above conditions, you can see that pressure levels 
are acceptable, and the system will operate satisfactorily and 


2:1 Area Ratio 


(2) the pressure here 
must still be 3000 


PSI, so that the (7) 
relief valve opens” 
to pass the excess 
flow. 


=e 
Setting 3000 PSI 
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| 
B 

| 


since it takes 200 PSI \ ` 
to create the additional 
100 PSI needed in the blind end. 


Setting 3000 PSI 











5 GPM 


the intensified “push of the pump” is added to the “pull of the 
load” to create extremely high rod end pressures. 


CF ) operating at 
- fullload... 





2) Consequently, the 
flow control must 

create a 200 PSI 

resistance... 










safely. If the load is removed, our seemingly innocent 3000 
PSI system, turns into a 6000 PSI hazard. 


f ( In extending the 
' cylinder with no 
load... 





( 4 6000 PSI would be needed 
~ here to cause a 3000 PSI 
pressure in the blind end. 


T 

| (3) If all the resistance 
| to flow has to be 
S Di 


created by the flow 
control... 





As seen in the previous example, pressure intensification can 
become a serious problem, with pressure compensated 
meter-out circuits used on large rod cylinders. This does not 
preclude non-compensated circuits ,or smaller rod cylinders. 
A non-compensated flow control would not allow the poten- 
tial energy, in the form of pressure, to build as high, since 
some of the excess energy would show up as an increase in 
speed,due to a higher pressure drop across the orifice. 
Needless to say, the rod end pressure can still become 
dangerously high with non-compensated valves. 


On the other hand, we do not have to isolate meter-out cir- 
cuits from cylinders, since the effects of pressure in- 
tensification are considerably reduced when using cylinders 
with small rod diameters. Nevertheless, since the most 
readily available cylinders are rated at 3000 to 5000 PSI, the 
possibility of pressure intensification must always be con- 
sidered. 





the load will move 
only at a 4 GPM rate. 


‘10,000 Ibs. 








( With a load induced 
pressure of 1000 PSI... 


5 GPM 


this 5 GPM meter-in 
flow control is set 
for half speed. 


HEAT GENERATION WITH 
METER-OUT CONTROL 


As in meter-in circuits, the actuator is mounted in series with 
the flow control and the pump. Flow, which is determined to 
be needed by the flow control, must be dumped over the 
relief valve, turning its potential energy into heat. The rate of 
heat generation is highest at low actuator speeds, and 
lessens as we approach full system speed (see calculations of 
heat generation in Chapter One). 


METER-OUT CIRCUITS AND THEIR 
ABILITY TO MAINTAIN SET SPEED 


The accuracy of a meter-out circuit, or its ability to maintain 





@) If a one GPM 
leakage occurs... 





Atmospheric Pressure 


1100 PSI Setting 


Cross Port Leakage Meter-In Circuits 
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set speed, is influenced by the same factors which cause 
speed fluctuations in meter-in circuits, namely: change in 
pressure drop, changes in viscosity, and changes in actuator 
leakage. On the other hand, both types of circuits are 
relatively unaffected by pump leakage. However, meter-out 
circuits usually experience greater speed variation when con- 
sidering actuator leakage with variable loads. 


CROSS PORT LEAKAGE 


Cross port leakage can be defined as the oil which passes 
from the high pressure side of the actuator to its low pressure 
side. In cylinders, this would be the oil which leaks past the 
piston packing, while in hydraulic motors, it is the oil which 
passes through the clearances between the high and low 


Using the same 
load with the 
same cylinder... 


10,000 lbs. 


(4) With the same cylinder 
we would have less than 
1 GPM leakage, because 
we have a lower pressure 
drop across the leakage 
path. 


pressure here is at 
relief valve setting, 
with a flow potential 
of 10 GPM. 





5 GPM 











pressure sides of the rotary group. To avoid a lengthy ex- 
planation of the various types of motors, at this point, we will 
consider cross port leakage of cylinders only. We can safely 
assume that cross port leakage would have the same.in- 
fluence on the output speed of a hydraulic motor. For pur- 
poses of clarity, our cross port leakage will be allowed via a 
hole drill in the piston. 


To explain the effects of cross port leakage with meter-out 
control, the flow control and the leakage path by the piston 
can be thought of as two orifices in series. The meter-out 
flow control back pressures the leakage path, thus in- 
fluencing the pressure drop across it. Initially as we reduce 
the load, cross port leakage reduces towards zero since in- 
creasing rod end pressure lowers the pressure drop on the 
leakage path. However, during low loads, no load, and 
overrunning load operations, the actuator leakage will cause 
an increase in actuator speed. Because oil would be 
regenerated to the blind end, 


CE 7 Our set output speed 

~ would still be less 

than 5 GPM, but it would 
be faster than the 
meter-in circuit. 





(3) Based on a 1000 PSI load 
induced pressure and 
intensification, the 

flow control offers a 

150 PSI artificial 
resistance. 





1100 PSI Setting 





Cross Port Leakage Meter-Out Circuits 
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the speed would increase when the leak occured. This hap- 
pens when pressure intensification causes higher pressure on 
the rod end than the blind end, thus causing leakage to the 


blind end. This supplements the supply which causes an in- 


crease in speed. 


Hydraulic motors are always affected by cross port leakage 






















Bearing Set 


H Pressure 
© Exhaust 
E Leakage 


Bent Axis Piston Motor 


CASE DRAIN LEAKAGE 


Case drain leakage has meaning only when we talk about the 
motor actuator. This type of leakage is that oil which slips by 
pistons, port plates, bearings, and lubrication passages, and 
enters the housing (case) of the motor. To rid the housing of 
oil, hydraulic motors are usually supplied with leakage port 
connections, which allow this leakage to flow back to the 
tank unrestricted. This type of leakage has the same effect 
on speed variation as would a leak in a hose or fitting in sup- 
ply to the motor, for meter-in circuits, or the motors outlet 
port for meter-out control. 


METER-IN CIRCUITS CANNOT COMPENSATE 
FOR ACTUATOR LEAKAGE 


As shown in the following schematic,the meter-in circuit cannot 











to a greater or lesser extent, determined by their efficiency. 
As a motor goes from no load to its full torque capability, 
cross port leakage causes a decrease in speed. However, 
since we are back pressuring the motor’s outlet, the AP 
across the clearance fits is less and we get less cross port 
leakage than we would with a meter-in circuit. 


Case Drain Leakage 


compensate for any type of speed variation which occurs 
due to leakage downstream. In this example, if the 1 GPM 
leak were occurring at 50% load, the speed would drop off 
considerably as load induced pressure increased the AP 
across the leakage path. It is even possible that a highly inef- 
ficient motor would stall, because there would be less 
resistance to flow through the case drain leakage path than 
would exist in trying to cause rotation of the motor. 


Relief Pressure Compensated Flow 
Valve Control 







1 GPM || 4 GPM 
Leak 


5 GPM 
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With meter-out circuits leakage from the motors outlet port 
side to the case drain causes the speed to increase above the 
desired. An increase in leakage occurs at low loads because 






This causes increasing motor speed 
with decreasing loads. 


To summarize, meter-in circuits run at nearly ideal speed at 
no load but experience a decrease in speed with increasing 
load. Meter-out circuits, on the other hand, are closer to ideal 
speed at full load but increase their speed with decreasing 
loads. Under the same condition the amount of speed varia- 
tion is nearly the same for meter-in or meter-out control. Sin- 
ce speed variation is not improved with meter-out control, 
meter-in circuits are more often desired since this circuitry 
does not create additional bearing load on the motor. 


BY-PASS SPEED CONTROL 
CIRCUITS 


Up to this point, we have discussed flow controls before and 
after the actuator, but always in series. A third method of 
speed control can be obtained by mounting the flow control 
in parallel with the actuator. The principle of this type of con- 
trol is that flow which is not required to produce speed is 
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5GPM 3GPM 


a higher resisitance to flow must be created by the flow con- 
trol. Since the speed is determined by how much oil leaves 
the motors outlet, the speed increases with decreasing loads. 







| 0 GPM 


pressure 

] compen- 

| sated flow 
control will 

| always pass 
5 GPM. 
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can.compensate for 
leakage at these 
points. 





shunted to tank over the flow control. This says that when 
the flow control is fully closed we have maximum speed, 
while a fully open flow control produces minimum or no 
speed. As discussed in Chapter 1, by-pass flow control cir- 
cuits work on the principle that flow will always take the path 
of least resistance. 


HEAT GENERATION WITH BY-PASS CIRCUITS 


The advantage by-pass circuits have over series circuits is 
that system pressure is never higher than that induced by the 
load. Inthe following schematic we are shown that the relief 
valve only determines the maximum force which can be 
produced by the system. Up to relief valve setting, the full 
flow of the pump is split between the flow control and the ac- 
tuator. Although the system is shown in the half speed con- 
dition, you can see that, by closing the flow control, we in- 
crease the resistance to flow across it. The flow, which no 








@ System pressure is always 
load induced 


oe 






1 Load 








longer can pass over the smaller restriction in the flow con- 
trol at load pressure, is diverted to the cylinder, causing an in- 
crease in speed. Of course, the exact opposite happens 
when we open the flow control and cause a lesser resistance 
to flow. 


You can easily see that the only heat generated by this 
system is that which is caused by the flow across the flow 
control at load induced pressure. It stands to reason, that at 
low actuator speeds we have maximum heat generation, 
because of maximum flow through the flow control. The ad- 
vantage is that with low loads we have low heat generation, 
as opposed to the maximum heat generation by series con- 
trol at low speeds and low load. 


Total heat generation (BTU) _ 
in by-pass circuits HR 


Load Flow through 
1.5 x Induced(PSI) x Flow Control (GPM) 
Pressure Valve 


SPEED VARIATION WITH 
BY-PASS CIRCUITS 


Unfortunately, the energy conservation merits of by-pass cir- 
cuits are often offset by their extremely poor ability to main- 
tain set speed. By-pass circuits are influenced by all factors 
which affect speed variation in flow control circuits, namely: 
pump leakage, actuator leakage, and changes in pressure 
drop and viscosity. Component selection can reduce 
variations in speed due to pressure drop changes and 
viscosity changes, but even the finest control devices will not 
eliminate these effects. The following two schematics show 
the extremes of speed variation, even if a pressure tem- 
perature compensated flow control is used. 


This is not to say that by-pass circuits are so inaccurate in 
speed regulation that their energy saving merit should not be 
considered. However, by-pass circuits almost always use 


Highest Speed is at Cold Start-Up with No Load 















(2) low load pressure... 


(7) determined 


Even if this 
valve is 
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r little or 
no load 


The system 
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Lowest Speed Results with Full Load at Operating Temperature 


(2) high load 
pressure... 





increases 
leakage 
here... j 





at operating 
temperature... 


pressure compensated flow controls. They are generally 
better when used with cylinder circuits and highly volumetric 
efficient pumps. 


APPLICATION NOTES ON BY-PASS 
CIRCUITS 


In by-pass circuits, unlike series circuits, flow which is not 
needed passes to tank through the flow control. Con- 
sequently, it would not be available for operating other 
branch circuits, as it is with meter-in er meter-out control. 
This means that a separate pump must be provided for each 
simultaneous operation. 


Likewise, by-pass circuits, like meter-in circuits, have no way 
of resisting over running loads. Needless to say, a by-pass 
circuit should never be used if there is a possibility of a 
negative load. 


3-WAY BY-PASS STYLE 
PRESSURE COMPENSATED 
FLOW CONTROL 
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Even with 
a constant 
3 GPM flow 


Full Load 





(6) this 
results 
ina 

3 drastic 

GPM reduction 

in output 

speed. 


By adding a third port, and modifying the hydrostat of the 
2-way pressure compensated valve (discussed earlier in this 
chapter), we can obtain a completely different flow control 
function. Since the method of sensing and maintaining 
pressure drop has already been discussed, we will now con- 
cern ourselves only with the hydrostat and its operating func- 
tion. 


We said that the hydrostat of the 2-way pressure com- 
pensated valve was essentially a normally open self- 
regulating pressure reducing valve. This valve self-adjusts to 
maintain the inlet pressure at the main control orifice at a 
constant value (45 to170 PSI) higher than outlet pressure. 
Actually, the function of a 3-way hydrostat is not that dif- 
ferent. 


It stands to reason that if we can regulate the inlet pressure 
of the controlling orifice by reducing supply pressure, we 
can also regulate this pressure by relieving the excess flow 
to tank. A 3-way by-pass style flow regulator is essentially a 
main control orifice mounted in series with the load and 
downstream of a self regulating pressure relief valve 
hydrostat. 


In the operational cross section, you can see that down- 
stream pressure is sensed on one area of the hydrostat, while 
the inlet pressure opposes this force on the opposite, but 
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Outlet for Controlled Flow Tank Port 


equal area of the spool. The moment the inlet pressure in- 
creases to the point where it will exceed the downstream 
pressure plus spring pressure, the spool shifts and relieves 
the excess flow to tank. In comparing this hydrostat with a 
spool type pilot operated relief (Chapter 2), all that is needed 
would be to add a pilot relief and we would be able to per- 
form both relief and flow control functions with one valve. 


PILOT RELIEF OPTION FOR 3-WAY 
PRESSURE COMPENSATED FLOW 
CONTROLS 


Since a 3-way flow control by-passes pump flow to tank at a 
pressure of approximately 75 PSI higher than load induced 
pressure, the hydraulic circuit can only be designed to per- 
form one function per pump. Since the hydrostat in a 3-way 
by-pass style pressure compensated flow control performs a 
basic relief valve function, it seems to be repetitious to add a 
separate system relief. For this reason, optional pilot reliefs 
are often included in the 3-way control package. 


CAUTION: NEVER USE A 3-WAY BY-PASS 
FLOW REGULATOR WITHOUT A 
MAIN SYSTEM RELIEF UNLESS 
THE PILOT RELIEF OPTION IS IN- 
CLUDED! 


As shown in the operational illustration, the cartridge type 
direct operated relief has its pressure port connected to the 
spring chamber side of the hydrostat. By limiting the 
pressure in this chamber, we limit the maximum force 
holding the hydrostat in the closed position. The moment the 
inlet pressure increases to the point where it will exceed this 
limited pressure on the downstream side, the hydrostat 
shifts, relieving pump flow to tank. Because of the spring on 
the downstream side of the hydrostat, the pump relieves at a 








Pressure Compensated By-Pass Flow Control 


pressure of 45 to 170 PSI higher than that set on the piloting 
relief. 


PUMP UNLOADING WITH 3-WAY 
BY-PASS FLOW CONTROLS 


Basically, there are two means of unloading the pump flow to 
tank at a low pressure during idle periods of the cycle. 


One way is accomplished simply by fully closing the throttle. 
In some circuits, if we shut off the supply of oil to the ac- 
tuator, the pressure downstream of the flow control will drop 
to zero. When this happens, there is no pressure on the 
downstream side of the hydrostat. Thus, inlet pressure 
opens to tank at the pressure determined by the spring force 
unbalancing the hydrostat. The only precaution which must 
be observed is that load induced pressure cannot be trapped 
between the actuator and the closed orifice in the flow con- 
trol. This method works equally well with either a 3-way by- 
pass flow regulator with the built-in piloting relief, or with the 
standard valve with a separate system relief. 


The second way in which pump unloading can be ac- 
complished at any flow setting is through the use of the “X” 
port connection. Most 3-way flow controls are equipped with 
a separate port, which is connected to the spring chamber 
side of the hydrostat. Although under normal valve operation 
this port is plugged, solenoid venting can be accomplished by 
piping in a separate directional control. 


As shown in the following illustration, the “X” port can be 
used exactly like the “X” port of a pilot operated relief. When 
the solenoid is de-energized, the spring chamber side of the 
hydrostat is connected to tank, and the pump unloads at 
minimum pressure. Upon enerigization, we block the free 
flow to tank, which loads the pump and causes the normal 
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f Inlet 3-way function to occur. As in a pilot operated relief, the “X” 
port could also be used for remote pressure adjustment or 
— multiple pressure selection (See Chapter 2). 
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ee os: C The by-pass style flow regulator combines the energy saving 
advantages of a by-pass use of a 2-way flow regulator, with 

—— —— the accuracy of a meter-in circuit. Its only disadvantage is 

that it cannot be used with multiple branch circuits and, like 

SRE * ote. —/ meter-in circuits, provides no protection against over running 

* | loads. The accuracy of speed control is no less than that of a 

aaa —— i pressure compensated meter-in circuit, since pump leakage 


ief with increased pressure is isolated from the actuator. 
Outlet Main Orifice Rel P 





Venting a By-Pass Flow Control 


C If this is only 1/3 of the maximum load... 


heat generates at the rate of 1.5 x 1075 x 5 = 10,000 
8063 BTU/hr. lbs. 
(2) operating at half speed... 


With a negligible drop across the 
1075Psi How control... 1000PSI C  10sq. in. 


















5 GPM _ by-pass flow regulator 
pressure and temperature 
compensated 





the excess flow passes to tank with 
only a 1075 PSI drop. 


By-Pass Flow Control Saves Energy 
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A meter-in circuit under the same conditions 
offers equivalent accuracy... 


(4) The total heat generation of 37,500 BTU/hr. is 
considerably more than the 8063 BTU/hr. 


created by the 3-way flow regulator. 


to which we must add the heat generated by a 
2000 PSI AP across the flow control 1.5 x 


2000 x 5 =15000 BTU/hr. 


— — — 





5 GPM 


v 


NN —— 


3000 PSI 
Setting 


Th 5 GPM —> 





2-way pressure compensated 
Pressure and Temperature 
Compensated 


but passes the excess flow to tank 
at a 3000 PSI drop which heats at 
the rate of 1.5 x 3000 x 5 = 22,500 
BTU/hr... 


2-Way Pressure Compensated Flow Controls Create More Heat. 


PREVENTING “CREEP” IN BY-PASS 
CIRCUITS 


A 2-way pressure compensated flow control, used in a by- 
pass circuit, or a 3-way flow regulator unloaded through its 
vent connection, cannot pass flow to tank at zero pressure. 
In some circuits, the residual pressure (45 to 170 PSI) could 
cause an actuator with little or no resistance on its output to 
drift, or “creep”. If it is possible that the mechanical load 
cannot resist the residual pressure on the actuator, special 
precautions must be taken. 


It is important to size the flow control large enough so that 
the pressure drop due to flow is at the absolute minimum 
when the 2-way valve is wide open, or the 3-way valve is 
unloaded. This will give us the minimum pressure deter- 
mined by the spring on the hydrostat of 49 to 170 PSI, 
depending on the valve design and its size. 


Assuming that our residual pressure is at a minimum, it 
sometimes can be isolated from the actuator by a standard 
check valve with a high cracking pressure. The check valve is 
simply mounted in the supply line to the actuator, and in- 
troduces a 65 to 75 PSI pressure drop requirement before oil 
can flow towards the actuator. 


A better but slightly more expensive way to prevent “creep” 
is to use an adjustable sequence valve in place of the check 
valve. The adjustment capability allows the “creep” 
possibility to be adjusted out of the system, no matter what 
residual pressure may exist. Another advantage of using the 
sequence is that the valve will be wide open once set 
pressure is reached, because its spring chamber is externally 
drained. This means that less heat would be generated under 
high flow operation than would be when the check valve is 
used. 
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HIGHER EFFICIENCY THROUGH 
HIGHER PRESSURE 


In designing a system to create a certain output power, there 
are two ways we can get adequate force and speed. Remem- 
bering that horsepower is flow times pressure (divided by 
1714), we can design our system to operate at low pressure, 
if we are willing to choose a large enough actuator. Of 
course, the large actuator requires a higher flow. On the 
other hand, we can get high speed with less flow when we 
use a smaller actuator. All that is needed is a higher pressure 
to get the necessary force. As can be seen in the following 
examples, the latter is the more efficient choice. 


A comparison of the following illustrations shows an energy 
savings of 4894 BTU/hr., nearly 2 HP, simply because we 
chose high pressure instead of high flow. Actually, with all 
things considered, the true energy savings would be con- 


siderably more. That is, in low pressure circuits, each time 
we have a pressure drop across a valve, fitting, or length of 
pipe, the pressure drop occurs at a higher flow rate (higher 
horsepower loss) than it does in a high pressure circuit. The 
saving goes even further. 


Although cubic inch for cubic inch, high pressure com- 
ponents are sometimes more expensive than are low 
pressure components, we must remember that high pressure 
components, job for job, can often be several frame sizes 
smaller. Likewise, smaller high pressure components have 
less area for internal leakage,which considerably increases 
overall efficiency. If, in our example, we chose a 43 GPM 
vane or gear pump, we would find that it has an overall ef- 
ficiency of between 80 to 85 percent. The 5000 PSI piston 
pump required by the high pressure system would be over 
90% in overall efficiency. Since both our circuits are doing 
work at the rate of 12% HP, pump selection alone can mean 
a 2 to 3 horsepower savings. 


EE To move a 50,000 Ib. load... 


The heat generation would be: 
a) Dueto flow control 


1.5 x 21.5 GPM x 75 PSI = 2419 BTU/hr. 


b): Due to relief 


1.5x 21.5 GPM x 575 PSI =18,544 BTU/hr. 


c) Atotal of 20,963 BTU/hr. 


(2) with a velocity of 100 in/min... 


(3) a cylinder with a 100 in’ piston area (approx. 


12” dia.)... 
43 GPM 


and would 
require a pump 


flow of 43 GPM. 


21.5 GPM 


x 





(6) At 1⁄2 speed a pressure and 
temperature compensated 
flow control introduces a 
75 PSI AP... 


— 
(T) so our relief must be set at 575 PSI. 









kat 


TŘ 
21.5 GPM 
— 


(4) would have a load 
induced pressure of 
500 PSI... 


High Flow-Low Pressure Circuit 
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Ga) To move the same load at the same velocity... 







D The heat generated would be: 
a) Due to flow control 
1.5 x 2.15 GPM x 75 PSI = 242 BTU/hr. 


b) Due to relief 
1.5 x 2.15 GPM x 5075 PSI = 16,367 


BTU/hr. 
c) A total of 16,609 BTU/hr. Lf 


a cylinder 


At 1⁄2 speed, a pressure and temperature com- 
witha 


pensated flow control introduces a 75 PSI AP: a —— (2) 









1360M NT L 19.18 GPM 10 in? 
S | piston 
| area... 


(3) would have a load induced 
pressure of 5000 PSI... 


(6) so our relief must be set at 5075 PSI. 


2.15 GPM 


v 







(4) and would 


require a 


pump flow Ç 
of 4.3 GPM. © 





High Pressure Low-Flow Circuit 


ns we must avoid abrupt starting and 


FLOW CONTROLS WHICH In many applicatio 
CONTROL ACCELERATION AND Soro, pe ot eene ae ean mahe of a 


DECELERATION specialized flow control which is called a deceleration valve. 


© When this cam strikes the roller on the 
deceleration valve... 






O 






(2) movement of this spool gradually 
closes this orifice, which causes 
the cylinder to slow down. 


Reverse free flow is permitted by this | — | : : Final creep speed is adjustable on 
check valve = Hoo T L this secondary throttle when the 


primary orifice is fully closed. 
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Deceleration valves are really nothing more than cam 
operated orifices. The valve is physically mounted close to 
the work being done, and can be piped into the hydraulic 
system in either meter-in, meter-out, or a by-pass flow con- 
trol arrangement. It should be noted, however, that because 
of the load’s inertia, meter-in circuitry with a counterbalance 
(or brake) valve (Chapter 2) is more often desired, in order to 
prevent excessive cylinder pressures. 


In cylinder circuits, for instance, as the load reaches the end 
of its travel, a mechanical cam positions the orifice in the 
deceleration valve to a more restrictive position. The time for 
the deceleration period is determined by the cam design, the 
velocity of the cam, and the stroke lenath as related to 
metering characteristics of the valve. 


As shown in the previous illustration, deceleration valves are 
usually tapered spools which slide in close fitting bores. 
Depending on the spool design, a normally open valve 
meters flow as the plunger is depressed, while normally 
closed valves increase their orifice size as the cam depresses 
the plunger. The choice of normally open or normally closed 
depends upon the cam design selected. l 


It is easy to see that proper operation depends on how ac- 
curately the cam arrangement positions the orifice. As 
shown in the illustration, the height of the cam is directly 
related to actuator speed. Likewise, the time period for 
deceleration is dependent on three variables, namely: cam 
velocity, cam angle a, and stroke distance. Needless to say, 
considerable time and money can be spent in designing the 
mechanical linkage and proper cam for a specific installation. 
It becomes even more complicated if adjustable acceleration 
or deceleration rates are required. Fortunately, deceleration 
valves can be ordered with adjustment options which can 
facilitate cam design. 


Rectangular Openings 
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This lever multiplies stroking distance by the 
ratio of 1:3 
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Variables to be considered in cam design 


ADJUSTMENT OPTIONS FOR 
DECELERATION VALVES 


The first option which is extremely important for precise con- 
trol is the primary flow adjustment. A problem arises in 
selecting a valve size for a particular operation. It can occur 
that a valve sized large enough for the flow to be handled, is 
actually large enough to pass considerably more flow in its 
wide open condition. As the cam strikes the roller, the spool 
begins closing the orifice. However, because of the relatively 
low flow through the valve, the initial closing adds little or no 
resistance to flow. This results in a dead band region, where 
the cam is depressing the deceleration valve plunger, but 
nothing happens. The primary flow adjustment allows ad- 
justment of an initial pressure drop without shortening the 
stroke length of the spool. 


As shown in the cross sectional illustration, this design in- 
corporates a hollow spool with rectangular radial opening. 





Cam Operated Deceleration Valve 
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The spool slides inside a sleeve, which also has a rectangular 
opening. In the wide open position of the valve, the rec- 
tangular openings are lined up with those in the spool. 


Primary flow adjustment is made by rotating the outside 
sleeves position with respect to the spool. 





Primary Flow Adjustment 


Because we can preset an initial pressure drop, we can cause 
deceleration to begin with the first movement of the spool. 
Since the full stroke of the spool causes deceleration to Oc- 
cur, the ramp of the cam is less critical. 


We said before that the height of the cam is directly related 
to actuator speed. Consequently, if you want the actuator to 
decelerate to some minimum speed rather than to a stop, the 
height of the cam becomes extremely critical. Likewise, to 
adjust minimum speed, we would have to be able to adjust 
the maximum cam height. Fortunately, we can simplify this 
mechanical arrangement by selecting a deceleration valve 
with secondary speed adjustment. 


The secondary speed adjustment is nothing more than a 
small needle valve mounted in parallel with the deceleration 
orifice. By incorporating this by-pass needle valve, the cam 
can always move the deceleration plunger to the fully closed 
position. The creep speed is then set by the by-pass opening 
allowed by the position of the small needle valve. 








HYDRAULIC OPERATED FLOW 
CONTROLS 


The hydraulically operated flow control is unique in its ability 
to accomplish electrically remote controlled flow, which is 
immune to pressure and temperature. The valve consists of a 
standard pressure and temperature compensated flow con- 
trol, which is modified to accept a hydraulically operated 
rack and pinion actuator. The control operation is usually via 
push buttons, by which the operator can increase or 
decrease speed proportional to the time the button is 
depressed. The valve can be tuned to meet application 
requirements by the adjustment of needle valves in the ac- 
tuator’s pilot circuit. Opening and closing times for the main 
orifice are independently adjustable, from almost in- 
stantaneous (.135 seconds), to over one minute. Adjustable 
stroke limiters are also provided for setting maximum and 
minimum speed values. 
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This pinion gear drives the main orifice. 








Minimum speed is set on this stroke limiter. 


Maximum speed is set on this 
stroke limiter. 


Closing time is set on this meter-out 


flow control. This flow control meters out of the 


actuator, thus controlling opening time. 





Energizing this solenoid 


Energizing this solenoid opens 
closes the main orifice. 


the main orifice. 


Speed 


Time [minutes] 4 2 3 





ACCELERATION AND DECELERATION 
CONTROL WITH THE 
HYDRAULICALLY OPERATED 

FLOW CONTROL 


The second even more unique application of the 
hydraulically operated flow control is its ability to achieve all 
in one compact package, the following; independent ac- 
celeration, deceleration, uniform intermediate speed which is 
pressure and temperature immunized to within +2% of 
maximum speed, maximum speed limiter, minimum speed 
adjustment, or shut-off. To further explain this application, 
let us consider the following hypothetical situation. 


A transfer line is to accelerate its load to uniform speed and 
then decelerate at the end of the stroke, so that it kisses a 
mechanical stop. Acceleration and deceleration must be ad- 
justable so that maximum production can be achieved 
without damaging the load or mechanism. 





The optimum cycle is represented in the following 
illustration: L'i] 





Initially, the flow control is at minimum, and the directional 
valve is centered. Solenoid 7, which increases speed on the 
flow control, is energized at the same time that the “advance” 
solenoid 2 is actuated on the directional valve. The cylinder 
will accelerate at the rate set on pilot flow control 3. Limit 
switch #1 is tripped towards the end of the stroke, dropping 
out solenoid 7 and energizing solenoid 1. This initiates 
deceleration at the rate set on flow control 4. Maximum 
speed can be adjusted on stroke limiter 5, while kissing 
speed is set on stroke limiter 6. The cycle is duplicated in the 
reverse direction by energizing solenoid 7 with solenoid 8. 


SYMBOLS 


SYMBOL 
ee 
oO 









Deceleration begins with limit switch #2 in the reverse direc- 
tion. 


The particular advantage that this type of valve offers over 
cam operated deceleration valves is that mechanical linkage 
and complicated cam design is replaced simply and com- 
pactly by limit switches. Likewise, adjustable acceleration 
and deceleration rates, which would necessitate a different 
cam angle in the mechanical system, are easily set on their 
respective flow controls in the pilot circle. 


EXPLANATION 


Non-adjustable orifice, which is not 
pressure or temperature compensated 


Adjustable, but not pressure or 
temperature compensated. 





Adjustable orifice with reverse free 


flow check; not pressure or temperature 
compensated. 








Dual sandwich flow control, with reverse free 
flow checks; not pressure or temperature 
compensated. 
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Meter-in orientation 


Meter-out orientation. 


Sharp edged orifice for temperature 
compensation; not pressure compensated. 


Sharp edged orifice with reverse free flow 
check; temperature, but not pressure 
compensated. 


_ Simplified 


Pressure compensated restrictive type 
flow control: not temperature 
compensated. 
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Meter-in orientation 


Meter-out orientation. 


Sharp edged orifice for temperature 
compensation; not pressure compensated. 


Sharp edged orifice with reverse free flow 
check; temperature, but not pressure 
compensated. 


_ Simplified 


Pressure compensated restrictive type 
flow control: not temperature 
compensated. 
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Simplified 





Pressure and temperature compensated 
restrictive type flow control, with 
reverse free flow check. 





-> 


Sharp Edged Orifice 








Detailed E 


NOTE: 






It is acceptable to use either of the simplified 
symbols. 












Pressure and temperature compensated 
by-pass style flow regulator. 






Detailed 


Detailed i S : : 


Pressure and temperature compensated 
by-pass style flow requlator, with integral 
pilot relief. 








NORMALLY DECELERATION VALVES 


CLOSED 





With primary flow adjustment, secondary 
flow control, and reverse free flow check. 





With primary and secondary flow adjustment, 
without reverse free flow check. 





With secondary flow adjustment, only with 
reverse free flow check. 






With reverse free flow check only. 


| Hydrautically actuated 


_ | erature compensated, res 
l regulator, with reverse free flow ch 
_ Opening and closing time ad e 


CONCLUSION 


In this chapter, we have covered the construction and 
operation of various flow control components, along with 
their applications in various types of installations. A good 


Pressure as resistance to flow. 

Non-compensated valves. 

Pressure drop across an orifice. 

Needle valve. 

Reasons for reverse free flow checks. 

Adjustment sensitivity. 

Sandwich mounting flow controls. 

Variables affecting accuracy of speed 
setting. 

Restrictive type pressure compensation. 

By-pass type pressure compensation. 

Hydrostat. 








l directional control, and max imum and O 
= į minimum flow limiters. 4 4 4 4 2 2 2 2 


general knowledge of flow controls and their applications 
would include an understanding of the following points: 


Anti-lunge adjustment. 

Methods of achieving temperature 
compensation. 

Meter-in, and its merits. 

Meter-out, and its merits. 

By-pass circuits. 

Heat generation. 

Pressure intensification. 

Higher efficiency through higher 
pressure. 

Acceleration and deceleration control. 

Symbol terminology. 
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CHAPTER 4 
CHECK VALVES 


Check valves are one of the easiest understood components 
in the hydraulic industry. In fact. in Chapters 2 and 3 we 
have already mentioned their use. without fully explaining 
their function. However, we must not let simplicity of a check 
valve detract, in our minds. from its importance to the 
hydraulic system. Although check valves are normally used 
to control the direction of fluid flow. their Operation and 
possible applications are similar to those of a direct operated 
relief. This chapter will be devoted to an explanation of 
Operation and application possibilities for both check and 
pilot operated check valves. We will then cover prefill valves 
and logic elements, which are speciality components related 
to the basic check valve function. 


SIMPLE CHECK VALVE 








Inlet 














The operating principle of the simple check valve is quite 
similar to that of the direct operated relief, as discussed in 
Chapter 2. As shown in the cross-sectional illustration, the 
check valve consists of a stationary seat, a moveable poppet, 
and a spring. The valve is closed against flow until pressure 
at its inlet, working over the exposed area of the poppet, 
creates sufficient force to overcome the spring. Once the 
poppet is forced from its seat, the flow of hydraulic fluid is 
around and through the poppet to the outlet of the valve. 


It is interesting to note that the valve remains closed, except 
when there is sufficient pressure and flow potential at its 
inlet. For instance, we said in Chapter 1 that the moment 
flow stops, pressure in all parts of the hydraulic system 
equalizes under the principle of Pascal’s Law. As pressure 
equalizes, the hydraulic forces on both sides of the poppet 
are nearly equal. We say nearly, because the valve actually 
closes when pressure at its outlet. plus spring force, equals 
inlet pressure. In actual application in a static system, the 
pressure at the outlet is lower than the inlet pressure, in the 
amount equal to the cracking pressure of the valve. 


Ideally, this means that we can capture a pressurized column 
of fluid between a stalled actuator and a check valve. Of 
course, we must assume that the cylinder is perfectly rigid 
when stalled. We must also assume that there is no leakage 
in either the actuator or the valve itself. 


In addition to being similar in operation to a relief valve, a 
check valve can also be used to control the direction of flow. 
You can see that the example (page 4-2) would have little 
practical use, because the check valve would never allow the 
return of the cylinder’s piston. Actually, the more we tried to 
force oil backward through the check valve, the harder we 
would press the poppet into its seat. In the hydraulic in- 
dustry, when we refer to this non-return feature, we call it 
checking reverse flow. 


SEALING ABILITY FOR 
A CHECK VALVE 


The advantage of a check or pilot operated check valve is its 
poppet and seat design, which offers the only sure way to 
prevent crossport valve leakage in the hydraulic system. 
Most hydraulic check valves are designed with a metal to 
metal contact between the poppet and its seat. Likewise, the 








there is no flow, and pressure equalizes in the 


system. 





When inlet 
pressure is z 


nearly the \/ 
/\ 





same... 





© When this cylinder stalls. . . 










(4) as outlet pressure... 


@) this light spring closes the poppet. 





(10) This maintains a holding force on the cylinder. 







E) and vent all inlet pressure to tank... 


Then, if we open 
this valve... 


EAS 


poppet is usually considerably harder than its respective 
seat. In the closed position, hydraulic pressure forces the 
poppet into the seat, thus forcing the seat to assume the 
exact contour of the poppet nose. This guarantees a metal to 
metal contact around the full circumferential contact area. 
virtually eliminating the possibility of leakage. 


DESIGN VARIATIONS 
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(8) this column of fluid is still pressurized. . . 


(9) while this poppet remains closed. 


The basic check valve, like the direct operated relief, is 
available in ball, poppet, or guided poppet designs. However, 
since check valves incorporate a relatively weak spring, they 
cannot produce the same high performance characteristics 
as a relief nor are they intended to do so. For this reason. we 
normally are not too concerned with the stability or pressure 
override characteristics of a check valve. Nevertheless. there 
are two reasons why a guided poppet check valve is usually 
preferred. 


The first reason is that guided poppet designs have a con- 


siderably longer life expectancy. This is true because the 
poppet always contacts the seat squarely, and in the same 
position. By protecting the contact area in this manner, the 
leak-free life of the valve is greatly extended. Likewise, most 
guided poppet designs limit the stroke of the poppet. This, of 
course, prevents over-stressing and breaking the spring. 


The second reason for choosing a guided poppet check 
becomes apparent when the valve is subjected to high flow 
rates. In the unguided models, the high flow rate causes the 
ball or poppet to chatter in the flow stream, creating a source 
of noise in the hydraulic system. This does not occur ‘in the 
guided poppet design. 


CRACKING PRESSURES 


We said earlier that the basic difference between a check 
valve and a direct operated relief is the strength of the spring. 
Another difference is that the spring force in a simple check 
valve is not adjustable. Nevertheless, the application 
possibilities of check valves can be greatly extended through 
the selection of any of three basic spring options. The first 
option is the standard spring; the second is the choice of a 
check valve from a group which has any number of higher 
cracking pressures: the third option is to have no spring at 
all. Let us now look at the application possibilities of each 


type. 
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STANDARD CRACKING PRESSURE 


Standard check valves are supplied with a spring which 
allows the valve to crack in the 5 to 10 PSI range. Actually, 
the only purpose of the spring is to assure positive closing, 
while allowing the valve to be mounted in any position. 
Valves with light springs are used in hydraulic systems to 
rectify flow. For instance, as mentioned in previous chapters, 
they can be used as reverse free flow checks when they are 
piped in parallel to a flow or a pressure control. 


HIGHER CRACKING PRESSURES 


Most check valves can be obtained with stronger springs for 
higher cracking pressures. This offers an inexpensive way to 
accomplish some pressure control functions. Normally, three 
or four spring options are offered, with the highest cracking 
pressure being in the neighborhood of 75 PSI. Of course, 
check valves with high cracking pressures can simulate some 
sequences or relief valve functions. Typical applications of 
the check valve include its use in maintaining pilot pressure 
for pilot operated directional controls (See Chapter 5), and 
its use as a safety bypass for return line heat exchangers or 
filters. 


When the check valve is used as a relief type bypass, 


Return line filters and heat exchangers 
usually have a low pressure rating. 
a— 





If dirt clogs either of these components, there 


is an increased resistance to return flow... | | 


by bypassing flow to tank, when inlet pressure 
reaches 75 PSI. 
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siderably longer life expectancy. This is true because the 
poppet always contacts the seat squarely, and in the same 
position. By protecting the contact area in this manner, the 
leak-free life of the valve is greatly extended. Likewise, most 
guided poppet designs limit the stroke of the poppet. This, of 
course, prevents over-stressing and breaking the spring. 


The second reason for choosing a guided poppet check 
becomes apparent when the valve is subjected to high flow 
rates. In the unguided models, the high flow rate causes the 
ball or poppet to chatter in the flow stream, creating a source 
of noise in the hydraulic system. This does not occur ‘in the 
guided poppet design. 


CRACKING PRESSURES 


We said earlier that the basic difference between a check 
valve and a direct operated relief is the strength of the spring. 
Another difference is that the spring force in a simple check 
valve is not adjustable. Nevertheless, the application 
possibilities of check valves can be greatly extended through 
the selection of any of three basic spring options. The first 
option is the standard spring; the second is the choice of a 
check valve from a group which has any number of higher 
cracking pressures: the third option is to have no spring at 
all. Let us now look at the application possibilities of each 
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Standard check valves are supplied with a spring which 
allows the valve to crack in the 5 to 10 PSI range. Actually, 
the only purpose of the spring is to assure positive closing, 
while allowing the valve to be mounted in any position. 
Valves with light springs are used in hydraulic systems to 
rectify flow. For instance, as mentioned in previous chapters, 
they can be used as reverse free flow checks when they are 
piped in parallel to a flow or a pressure control. 


HIGHER CRACKING PRESSURES 


Most check valves can be obtained with stronger springs for 
higher cracking pressures. This offers an inexpensive way to 
accomplish some pressure control functions. Normally, three 
or four spring options are offered, with the highest cracking 
pressure being in the neighborhood of 75 PSI. Of course, 
check valves with high cracking pressures can simulate some 
sequences or relief valve functions. Typical applications of 
the check valve include its use in maintaining pilot pressure 
for pilot operated directional controls (See Chapter 5), and 
its use as a safety bypass for return line heat exchangers or 
filters. 


When the check valve is used as a relief type bypass, 


Return line filters and heat exchangers 
usually have a low pressure rating. 
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precaution must be taken in checking the valves pressure If your system requires the use of a check valve without a 
versus flow characteristics, and sizing the component ac- spring, the valve should be mounted with its outlet vertical 
cordingly. For instance, a check valve which cracks at 75 and upward. When it is mounted this way, gravity will assist 
PSI may provide a 150 PSI resistance to flow when passing in closing the poppet. Needless to say, if it is mounted in any 
10 GPM. This, of course, could damage a heat exchanger, if other position, the only available closing force would be that 
it had a shell pressure rating of 100 PSI. of the dynamic flow of fluid. It is possible that the valve 
would remain open if it were subjected to relatively low re- 

- verse flow rates, especially if the inlet were to be mounted 


NO SPRING VERSIONS vertically and upward. 


The third option is to obtain a check valve with no spring at 
all. The use of these valves, however, should be limited to 

applications where the check valve function is required, with MOUNTED CONFIGURATIONS 
an absolute minimum resistance to flow in the free flow 
direction. A foot valve for facilitating pump priming, although 
not required for most hydraulic pumps, is a typical ap- 
plication. 


The pump can be initially primed by filling the 
inlet with oil... 





Line Mounted 


Check valves and pilot operated checks are available with 
in-line threaded connections up to 11⁄2” line sizes. Above 
11⁄2”, they are supplied with flanged connections for pipe 
sizes up to 6”. Usually, line mounted valves are stamped with 
an arrow on their housing which indicates the direction of 
free flow. 





This centrifugal pump 
must have its inlet full 
of oil before starting. 





Subplate Mounted 





G) since this foot valve prevents the column of oil 
from falling. 


For service convenience, or for custom manifolding, the 
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check valve unit can also be supplied in a housing for use in 
subplate mounting. Subplate mounted valves up to 11⁄2” are 
available with mounting configurations which conform to 
ANSI/NEPA and Intemational Standard interfaces. Above 
1%” the valves are designed specifically for custom 
manifolding since there are no standard interfaces for the 
larger valve sizes. Also, for simplified installation, check 
valves are available in sandwich housings for mounting be- 
tween the directional control valve and its subplate. These 
sandwich units can be supplied with check functions in one 
or more of the port connections to the directional control 
valve, with either direction of free flow. 


CARTRIDGE UNITS 





Right Angle Cartridge 





Inline Cartridge 


In addition to inline, subplate, and sandwich mounted valves, 
cartridge units are available for installation internally in 
custom manifold blocks. The cartridges are supplied with 
seat, poppet, and spring in two configurations. These two 
different cartridges are available for design convenience, with 
one style for use in an inline passage, and the second style 
for use in passages which meet at right angles. 





PILOT OPERATED 
CHECK VALVES 





The pilot operated check performs tne same function as the 
simple check valve in that it allows free flow in one direction 
and checks reverse flow. Like the simple check, it can also 
be supplied with different springs for various cracking 
pressures. In contrast to the simple check, however, a pilot 
operated check can be piloted open when a reverse flow is 
required. 


As shown in the illustration, the valve has two distinct sec- 
tions: the check valve section and the pilot section. The 
check valve allows free flow from port A to port B, while 
checking flow from B to A, sealing without leakage. When it 
is necessary to allow a flow from port B to port A, the valve 
can be piloted open by supplying a pilot pressure signal at 
port “X”. Pilot pressure works over the area of the pilot 
piston, and forces the piston rod against the check valve 
poppet. This unseats the poppet, allowing free flow from 
port B to port A. 


PILOT RATIO 


In working with pilot operated check valves, you will have to 
consider the pilot ratio of the valve. The pilot ratio is 
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basically a comparison of the effective area of the pilot piston 
with the effective area of the check valve poppet, which is 
being pressurized by the system. When you are estimating 
the pilot pressure needed to open the valve, remember that 
the pressure at port X is simply the pressure at port B divided 
by the pilot ratio. In our example, the pilot pressure 
requirements would be: 


_ 3000 PSI 


P 
s 4 


= 750 PSI 


It must be mentioned that the above formula can only be 
used to estimate pilot pressure conditions. As will be shown 


- later, the pilot pressure requirements are closely related to 


the actual application in which the valve is used. It is im- 
portant that pilot pressure not only be sufficient to open the 
valve fully, but also to keep it open during the required por- 
tion of the cycle. However, we will postpone further 
discussion of pilot pressure requirements in the system until 
we introduce two other important construction details. 








(2) this piston has only enough force... 


(6) The same pilot pressure... 





can no longer resist the 
force created by pilot 
pressure working on this area. 


To Tank 
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From Actuator 





To Tank 


From Actuator 
Port B 


DECOMPRESSION FEATURE 


In order to determine the pilot pressure requirements of the 
valve more accurately, we can first total up all the forces 
which tend to close the poppet. In the same manner, we can 
also add up any constant forces which aid in opening the 
poppet. Then, by assuming that the closing forces are 
greater than the opening forces, we can subtract the one 
from the other, and determine the additional opening force 
required by the pilot piston. By distributing this force over the 
area of the pilot piston, we then determine the pilot pressure 
requirements. 


Although there are other forces which tend to close the main 
poppet, the major closing force is caused by pressure at port 
B, exposed over the effective area of the main poppet. In 
some applications, such as in press circuits, the pilot 
pressure requirements can be reduced by bleeding off 
pressure behind the main poppet before opening the main 
flow path. This loss of pressure before opening is referred to 
as decompression and can easily be accomplished by using a 
valve with a two stage poppet. 


A two stage poppet is nothing more than a smaller decom- 
pression poppet built into the main poppet. It takes con- 
siderably less force to open this decompression poppet, 
since it has less effective area exposed to the pressure at port 
B. As will be shown in our discussion of pilot operated check 
valve applications, the decompression feature is quite im- 
portant when it is necessary to release the stored potential 
energy in a pressurized volume of fluid. 






(3) to overcome pressure at port B... 


working over the small 
effective area of the 
decompression poppet. 


This decompresses the circuit by releasing 
pressurizing fluid slowly through this 
reduced flow area. | 







(8) when a pressure decay here... 


L 


fully opens the valve... 


working over the full 
effective area... 











PILOT OPERATED CHECKS WITH 
INTERNAL DRAINS 


Up to this point, we have discussed pilot operated checks 
which have the rod end of their pilot piston connected in- 
ternally to the A port of the main valve. Since the rod end 
side of the pilot piston is exposed to the A port, pressure in 
this passage influences the pilot pressure requirements of the 
valve. Actually, this pressure works on an effective area 
which can be calculated as if the pilot piston had a rod 
equivalent in diameter to that of the main poppet, as long as 
the main poppet is seated. You can see that pressure in the 
A port not only works against the ring area of the pilot 
piston, but also on the end of the piston rod. This force to 
the left is partially offset, however, because of an equal 
pressure working on the nose area of the main poppet to the 
right. Consequently, the net effective area which opposes 
valve opening is the ring area, which has an inside diameter 
the same as the main poppet diameter, and the outside 
diameter of the pilot piston. 


G) and increases the pilot pressure requirement 
of the valve. 








wee ee 






against this 
effective A 
area... 


Back pressure in 
this port... 


When we study the illustration, we will have enough in- 
formation to determine more accurately the pilot pressure 
requirements for internally drained valves. We can do this 
simply by comparing opening forces to closing forces, with 
the following formula: 


Opening forces must equal closing forces 
or P, (A;)=Ps (Ai) +Pa (A3-Ai)+Cy, 


The C, in the formula takes into account the closing force due 
to the spring, plus any frictional forces which must be over- 
come in opening the valve. Mathematically, this formula 
reduces to: 


Pa - Pa 


p — — — 4 Pa + C 
Area Ratio 


Since C differs for different valves, this constant factor is 
usually given by the valve manufacturer. If no value is 
available, it is usually safe to assume that C is equal to or 
less than 75 PSI. 


We said earlier that the area ratio of the pilot operated check 
valve is the comparison of the area of the pilot piston to the 
area of the check valve main poppet. For valves with two 
stage decompression poppets, the increased ratio of the pilot 
piston to decompression poppet can be used only if the cir- 
cuit allows a decay in B port pressure once the decom- 
pression poppet opens. 


In actual application, internally drained pilot operated check 


‘valves must have the A port connected directly to tank when 





(4) this pilot piston opens — = 
the valve... — 





there is no resistance here, since 
there is no flow. 





When this poppet is 


When pressure 
builds on this 
side of the 
cylinder... 


ae ee 





closed... 


>. > 


From pump 


(continued on page 4-8) 
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With little or noload... 


(9) pressure here m: 


This moves the 
pilot piston to the 
left... 
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PortA 
Flow stops here and 
the cycle repeats. 


[| NJ 


(6) This valve resists the established flow... 


operating in the piloted open condition. If, for instance, we 
back pressured the A port with a meter-out flow control, the 
check valve could open and close erratically as the cylinder 
was extended. This, of course, would cause the actuator to 
stop and start with an undesirable jerky motion. 


You can see from the two examples that the circuit will 
oscillate automatically between the open and closed 
positions of the pilot operated check. To avoid this com- 
plication, we must place the flow control on the B side of the 
valve, or use an externally drained pilot operated check. 





and this spring closes 
the main poppet. 


aD because of this area difference. 









can be higher than 
pressure here... 


(7) so that the system 
operates at reduced 


speed by causing some 
oil to pass over the 
main system relief. 


From Pump 





PILOT OPERATED CHECKS WITH 
EXTERNAL DRAINS 


The external pilot drain is a simple conversion, or in some 
cases, a modification to the standard pilot operated check. 
As shown in the operational cross section, the rod end of the 
pilot piston is isolated from the A port, and given its own 
separate connection. Because of this, the operation of the 
pilot piston is identical to that of a double acting hydraulic 
cylinder. 


(2) and giving the rod end its own connection externally... 
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the pilot piston becomes | =) L 
a standard double sin 
acting cylinder. 








© By isolating this internal connection... 
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This is referred to as 
an externally drained 
pilot operated check. 














In many applications, proper operation is obtained simply by 
draining the rod end of the pilot cylinder to the tank 
separately. Being isolated from the pilot piston, the A port 
can now be pressurized by using a flow control or coun- 
terbalance valve. The pilot piston is spring returned to the 
closed position when pilot pressure is released, and the 
spring closes the check valve poppet. 


In some applications, however, accelerated closing can be 
achieved by connecting a 4-way directional control to the X 
and L ports of the pilot section. In powering the pilot cylinder 










CALCULATING PILOT PRESSURE FOR 
EXTERNALLY DRAINED VALVES 


In determining the pilot pressure requirements for an ex- 
ternally drained valve, we find that residual pressure in the A 
port actually helps open the valve. Assuming a negligible 
pressure in the L port during valve opening, the pilot pressure 
formula for externally drained valves becomes: 











to its retracted position, more force is available to displace 
the oil which must be moved out of the pilot cylinder’s blind 
end. However, this method of pilot operation can only be 
used with valves which can accept an operating pressure on 
their drain port. 


The operational illustration shows that the pilot piston is 
hydraulically moved out of the path of the main poppet, so 


that full spring force is available for closing the valve. This 


should not be confused with a pilot to close check valves. 


> When the directional control is in this 
position.. 


(4) This poppet can close faster... 
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and does not resist the 
force of this spring. 





As in the internally drained model, C is a constant factor 
which usually can be assumed to be 75 PSI. Also, the area of 
the decompression poppet can be used in determining the 
pilot ratio, only if a decay in pressure occurs at port B after 
opening the decompression poppet. 


APPLICATIONS OF PILOT 
OPERATED CHECK VALVES 


Basically, the pilot operated check valve is used in a 
hydraulic circuit to perform one of two basic functions. In 
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Possible Load Conditions Which Require a Pilot Operated Check for Positive Holding 


either case, the intended operation depends on its use with a 
high quality hydraulic cylinder with leak free piston sealing. 
Let us now consider the pilot operated check valve in each of 
its two basic applications: in load holding, and in decom- 
pression type hydraulic press circuits. 


LOAD HOLDING APPLICATIONS 


The pilot operated check valve is the only sure way to 
hydraulically lock a suspended load in position. Although 
this load condition can occur in a multitude of applications, 
in our discussion we will use a vertical down acting cylinder. 
We have chosen this application because of a dangerous 
possibility peculiar to it. 


The following example is a typical down acting vertical cylin- 
der application of load holding, with a pilot operated check 
valve. With this particular orientation, it is somewhat difficult 
to determine the pilot pressure required to open the pilot 
operated check. Let us now take a closer look. 


In this example, as long as there is no pressure on top of the 
piston, the load induced pressure on the B port is 3000 PSI. 
The A port is at atmospheric pressure, since it is connected 
directly to tank. Whenwe use our pilot pressure formula for 
internally drained valves, we will find that we. must use the 
area ratio, which is determined by comparing the area of the 
pilot piston to the full areas of the main poppet. To assure 
full opening of the valve, we cannot use the area of the 


4-10 





0 PSI 


Vented to tank through 
directional control 









Typical Cylinder 
3” Bore 
1” Rod 


Area Ratio 





decompression poppet, since load induced pressure would 
not decay once the first stage poppet opened. That is, if we 
only supplied enough pilot pressure to open the decom- 
pression poppet, the load would move downward only at the 
rate oil could flow through the small decompression flow 
area, at a pressure drop of 3000 PSI. Throughout the stroke 
of the cylinder, 3000 PSI load induced pressure would be 











Possible Load Conditions Which Require a Pilot Operated Check for Positive Holding 


either case, the intended operation depends on its use witha 
high quality hydraulic cylinder with leak free piston sealing. 
Let us now consider the pilot operated check valve in each of 
its two basic applications: in load holding, and in decom- 
pression type hydraulic press circuits. 


LOAD HOLDING APPLICATIONS 


The pilot operated check valve is the only sure way to 
hydraulically lock a suspended load in position. Although 
this load condition can occur in a multitude of applications, 
in our discussion we will use a vertical down acting cylinder. 
We have chosen this application because of a dangerous 
possibility peculiar to it. 


The following example is a typical down acting vertical cylin- 
der application of load holding, with a pilot operated check 
valve. With this particular orientation, it is somewhat difficult 
to determine the pilot pressure required to open the pilot 
operated check. Let us now take a closer look. 


In this example, as long as there is no pressure on top of the 
piston, the load induced pressure on the B port is 3000 PSI. 
The A port is at atmospheric pressure, since it is connected 
directly to tank. Whenwe use our pilot pressure formula for 
internally drained valves, we will find that we. must use the 
area ratio, which is determined by comparing the area of the 
pilot piston to the full areas of the main poppet. To assure 
full opening of the valve, we cannot use the area of the 
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decompression poppet, since load induced pressure would 
not decay once the first stage poppet opened. That is, if we 
only supplied enough pilot pressure to open the decom- 
pression poppet, the load would move downward only at the 
rate oil could flow through the small decompression flow 
area, at a pressure drop of 3000 PSI. Throughout the stroke 
of the cylinder, 3000 PSI load induced pressure would be 








(D pressure intensifies in 
1.125 


the amount of — 








(4) which is turn increases the pilot pressure | | 


requirements to 1478 PSI. 


maintained behind the main poppet. Consequently, to assure 
full opening, we must use the full area of the main poppet. In 
our example, let us assume the pilot ratio is 3:1, so that our 
pilot pressure calculation will be as follows: 


_ 3000 PSI-0 PSI 


A 3 + 0 PSI +75 PSI=1075 PSI 


Our typical circuit is designed so that when we want to move 
the load downward, pump flow will be directed to the top of 
the cylinder, and to the X port of the pilot operated check. 
Initially, the load will not move, since pressure on top of the 
cylinder piston will not be high enough to pilot open the 
check valve. However, since the supply oil has nowhere to 
go, pressure will build rapidly both on the blind end of the 
cylinder and the X port of the valve. We will find, however. 
that the load still will not move when pressure on top of the 
cylinder reaches 1075 PSI, or the pressure level at which the 
check valve was supposed to open. 


On closer examination, we will see that as pressure is being 
developed on the pilot port of the check valve, it is also in- 
creasing on the B port of the valve. If we looked at the 
pressures in the system, just before the 1075 PSI pilot 
pressure was reached, we would find that, due to in- 
tensification of pressure across the main cylinder, B port 
pressure has increased to: 


1.125 
3000 PSI + 1075 PSI — = 4209 PSI 


e) 1075 PSI 


When this side of the cylinder 
reaches 1075 PSI... 







From pump 


(3) and B port pressure 
increase to 4210 PSI... 


If we then recalculate the pilot pressure requirements, we 


find: 


Pp 


42 
_ Ka PSI +75 PSI = 1478 PSI 


By the time we reach a pilot pressure of 1478 PSI. the B port 
pressure would increase the pilot pressure requirements even 
further. 


At first glance, it appears as if we have a condition in which 
the pilot operated check valve will never open. Nevertheless. 
if we successively calculate pilot pressure, and its effect on 
pressure at the B port, we will find that we eventually reach a 
point of equilibrium. What happens is that for each increase 
in pressure the force caused by the pilot section of the check 
increases more than the force caused by the pressure in- 
tensification of the cylinder. This is true because the pilot 
section has the larger area ratio. To avoid lengthy 
calculations, we can determine the point at which the valve 
will open by using the following formula: 
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requirements to 1478 PSI. 


maintained behind the main poppet. Consequently, to assure 
full opening, we must use the full area of the main poppet. In 
our example, let us assume the pilot ratio is 3:1, so that our 
pilot pressure calculation will be as follows: 


3000 PSI - 0 PSI 


3 + 0 PSI +75 PSI=1075 PSI 


P, 


Our typical circuit is designed so that when we want to move 
the load downward, pump flow will be directed to the top of 
the cylinder, and to the X port of the pilot operated check. 
Initially, the load will not move, since pressure on top of the 
cylinder piston will not be. high enough to pilot open the 
check valve. However, since the supply oil has nowhere to 
go, pressure will build rapidly both on the blind end of the 
cylinder and the X port of the valve. We will find, however. 
that the load still will not move when pressure on top of the 
cylinder reaches 1075 PSI, or the pressure level at which the 
check valve was supposed to open. 


On closer examination, we will see that as pressure is being 
developed on the pilot port of the check valve, it is also in- 
creasing on the B port of the valve. If we looked at the 
pressures in the system, just before the 1075 PSI pilot 
pressure was reached, we would find that, due to in- 
tensification of pressure across the main cylinder, B port 
pressure has increased to: 


1.125 


3000 PSI + 1075 PSI ( )= 4209 PSI 
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which is turn increases the pilot pressure | | 





When this side of the cylinder 
reaches 1075 PSI... 
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(3) and B port pressure 
increase to 4210 PSI... 


F) 4210 PSI 





If we then recalculate the pilot pressure requirements, we 


find: 


4209 PSI 
— 


+75 PSI = 1478 PSI 


By the time we reach a pilot pressure of 1478 PSI. the B port 
pressure would increase the pilot pressure requirements even 
further. 


At first glance, it appears as if we have a condition in which 
the pilot operated check valve will never open. Nevertheless. 
if we successively calculate pilot pressure, and its effect on 
pressure at the B port, we will find that we eventually reach a 
point of equilibrium. What happens is that for each increase 
in pressure the force caused by the pilot section of the check 
increases more than the force caused by the pressure in- 
tensification of the cylinder. This is true because the pilot 
section has the larger area ratio. To avoid lengthy 
calculations, we can determine the point at which the valve 
will open by using the following formula: 
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With a Residual Pressure at the A Port of the 


Valve 
LP -P., 
— B. LC 
Pp A 
AR. 
(1- ) 
AR, 
Where: 

Py = Pilot pressure required (PSI) 


LP = Load-induced pressure (PSI) 
A Ry = Pilot piston to main poppet area ratio of the pilot 


operated check. 
AR, =Blindend to rod end area ratio of the cylinder. 
C = Constant factor of pilot operated check (PSI) 
P. = Residual pressure at A port of the valve (PSI) 


Once the pilot pressure point at which the valve opens has 
been determined, it will be necessary to check the pressure at 
the B port just before the valve opens. In many cases, you 
may find that it considerably exceeds the pressure rating of 
the components you initially intended to use. For example: 





APPLICATION 








C = Valve Constant (PSI) 
LP = Load Induced Pressure (PSI) 





E. =L.P.+P, (AR-) 





1.125 
P,, = 3000 PSI + 1720 PSI | < ) 


P „, = 4935 PSI 


Where 


P, = Calculated pilot pressure (PSI) 

P, =B Port pressure (PSI) 

L P = Load induced pressure (PSI) 

AR = Blind end to rod end area ratio of cylinder. 


In our example, it looked, at first, as if 3000 PSI components 
would adequately handle the job. Nevertheless, our pressure 
calculation indicated that 5000 PSI components were 
required. If, however, pressures are calculated to be in ex- 
cess of readily available components, several options are left 
open. First, we can choose a pilot operated check valve with 
a larger pilot piston to maintain poppet ratio. Or, second, we 
can select a cylinder with a smaller area ratio. Also, by 
selecting a large cylinder bore, we can reduce the required 





D 


AR, 





P,=LP+ 


AR, = Blind End Area + Rod End Area 
AR , = Pilot Piston Area + Main Poppet Area 








load induced pressure. 


The condition described also occurs when we use a pilot 
operated check valve on the blind end of a hydraulic cylinder. 
However, under these conditions, the area ratio of the cylin- 
der works with, rather than against, the valve opening. At 
this point, we will avoid lengthy discussions of internally 
drained valves used on the blind end, or of externally drained 
valves used on the rod end or the blind end of a cylinder. We 
will simply list the formulas for each, and let the reader come 
to his own decisions by working through each application ac- 
cording to the previously described process. 


PREVENTING CYLINDER CHATTER 


In load holding applications, the fact that we need a pilot 


creating a bigger volume 
here than can be 
supplied by the pump. 


(4) the load can free fall... 





T) there is no pilot pressure... 


operated check also indicates that we must prevent the load 
from overrunning. Unfortunately, a pilot operated check 
valve opens at the required pressure and closes the moment 
pilot pressure is lost. The valve has no means of modulating 
a flow orifice to prevent the load from free falling. If some 
method of preventing the load from running ahead of the 
pump supply is not provided, the valve will open and close 
erratically as the load is lowered. 


In order to overcome this problem, load holding pilot 
operated check applications should always incorporate 
either a counterbalance valve (Chapter 2), or a meter-out 
flow control (Chapter 3). Remember, with an internally 
drained pilot operated check valve, the resistance to flow 
must be added upstream of the valve’s B port. Likewise, with 
a remotely piloted or externally drained counterbalance 
valve, the valve must be used downstream of an externally 
drained pilot operated check. If it is used between the ac- 










With no resistance to flow here vee 


From Pump 





a) When there is sufficient pilot pressure... 


With no resistance to flow here... 


this poppet opens fully... 
To Tank 





pressure can be regained 
here... 








(10) With no motion of the 
piston... 





(9) stopping motion of the load. 














From Pump 


which reopens the valve, and the 
cycle repeats. 
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Tani (8) and the poppet closes quickly ... 
To Tan 
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tuator and a pilot operated check, there would be a leakage 
path to tank (Y port) or to the opposite side of the actuator 
(X port), which would allow the load to drift. 


VENTING THE X PORT 


Although the directional control will be discussed in detail in 
Chapter 5, we must mention it at this point, since it plays a 
very important part in the proper operation of any pilot 
operated check valve. More often than not, pilot operated 
checks are used with three position directional controls. For 
the purposes of this chapter, it is sufficient to say that a 
three position valve can select from three different com- 
binations of flow paths. In one position, pump flow is direc- 
ted to the blind end of the cylinder while, at the same time, 
the rod end is connected to tank through the directional con- 
trol. This, of course, causes the cylinder to extend. In 
another position, the cylinder retracts, when pump flow is 
directed to the rod end, while the blind end of the cylinder is 
connected to tank. The third position positively locks the 
load in a given position when a pilot operated check is used 
between the directional control and the cylinder. 


This third position is normally referred to as the center 


- position. When you are selecting a directional control, there 
will be a multitude of center position flow paths from which 


LOAD 


load. 








(2) the pilot piston is vented... 


(6) cannot build pressure here 





you can choose. However, only a few of them are suitable for 
use with pilot operated checks. The reason is that the direc- 
tional control must, at the very least, vent the X port to tank 
in its center position. This will allow pilot oil to escape from 
the blind end of the pilot piston, so that the piston can return 
from its previously open position. The main poppet can then 
close, preventing drifting of the load due to gravity. 


When a pilot operated check is used with the wrong direc- 
tional control, the load may sometimes drift upward against 
gravity. This happens when a leakage path is established 
from the high pressure pump circuit, across the directional 
valve, through the free flow direction of the pilot operated 
check valve, to the actuator. To prevent this possibility, we 
suggest that you select a directional control which also vents 
the A port of the pilot operated check in the load holding 
position. With both the X and the A port vented, load 
holding is assured by the free movement of the main poppet. 


THERMAL EXPANSION 
OPERATED CHECKS 


AND PILOT 


You must be cautious when you use the pilot operated check 
valve in applications where the actuator is exposed to 
changes in temperature. Such exposure can take place, for 


which would cause upward motion of the 






| (3) so that closing of the 
costes | main poppet is not ob- 
: structed. 
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(4) Leakage across the 
valve... 


A) When this directional control is centered... 


(5) from the high pressure pump... @ 


Correct Directional Control For Use With Pilot Operated Checks 




















(4) and Ato tank. 


A shifting force A B 


from this side... 
condition when the 


- shifting force is 


visually moves this block (3) connecting P with B... removed. 
into position... 





This spring returns 


SM valve to the 


closed center 








CÀ and B to tank. 
A B 












(6) Likewise, a 
i shifting 
force from 
this side... 


moves the spool 
against this spring... 


Symbols For A Spring-Centered 3 Position Closed Center Valve. 


— 





TYPICAL FLOW PATHS AVAILABLE WITH 3 POSITION VALVE SPOOLS 


Restricted Open 
Center 





Closed Center 








Regenerative End 
Closed Center 














Litt 


B Blocked P & A-T 





IBI 


P & B Blocked A->T 


XS Restricted Float XE UE p & A Blocked B-T 
Center 
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The spool chart shows that most three position valves cause 
forward and reverse operation of the actuator in their two 
end positions. The flow paths indicated in the center 
positions actually designate the spool type. Discussion of the 
possible applications of various spool types will be post- 
poned until other important operating details have been 
covered. 


TWO POSITION 
DIRECTIONAL CONTROLS 


The three position valve is quite popular in industrial 
hydraulic systems. The flexibility of the three position valves 
lies in the fact that it not only provides forward and reverse 
motion of the actuator, but it also allows a neutral position, 
where any number of possibilities of holding or unloading the 
actuator and/or pump are possible. However, there are a 
multitude of applications in which a neutral position is not 
required. Two examples are cylinders which only have to ex- 
tend and retract to their fullest positions, and hydraulic 
motors which only run in forward or reverse direction. For 
these applications, all that is needed is a two position direc- 
tional control. 


Actually, two position valves are quite similar in design to 
three position valves. The only real difference is that the two 
position valve has no way to stop or to hold the valve in its 
center position. In these valves, as the spool shifts from one 
extreme to the other, the center position is simply crossed 
over. 


TWO POSITION SPRING OFFSET 


As shown in symbol form, one of several methods to achieve 
the two position function is to hold’ the spool in one end 
position by a light spring force. Then, by actuating the valve 
with a force opposite the spring, the spool is moved into its 
second position. 


TWO POSITION NO SPRING VERSION 





— 
H — 
ta 





Depending on the type of actuator and the required control, 
it is sometimes advantageous to have a two position valve 
which has its spool position determined only by the valve ac- 
tuator. This method of operation is most popular with direc- 
tional controls which have two electric solenoid actuators. 
Since spool position is determined only by the external ac- 
tuator force, Bernoulli flow forces could cause the spool to 
self-shift if both actuator forces were simultaneously relaxed. 
For this reason two position no spring versions are normally 
used on high cycling applications, and the valve should 
always be mounted with its spool in a horizontal position. As 


(2) which creates this flow path. 





An actuator force on this 
end of the spool... 





= 


6) When the actuator force is removed .— 


moves this block into position, 


reversing the flow porting. 


Al / |B 


P 







Q) This spring holds the spool in 


one end position... 





the spring returns the spool to 
its original position. 





Symbol For A Two Position Spring Offset Directional Valve 
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ay 


passages in the valve housing which terminate at the 
machined bore where the spool is located. The number of 
ports designates the valve type. For instance, a 4 ported 
valve is referred to as a 4-way valve, while a valve with 3 
working port connections would be called a 3-way. 


The sliding spool is closely fitted into the machined bore so 
that when its maximum diameter is in line with a port chan- 
nel, flow to or from that channel is blocked by the spool. As 
the spool is repositioned, the previously blocked port can be 
interconnected with another port in the valve housing 
through machined undercuts in the spool. As shown in the 
basic directional valve cross section, the larger diameters of 
the spool are referred to as lands. 


THREE POSITION SPOOL TYPES 


For any given directional control, the housing is always the 
same. Flexibility in hydraulic system design comes from the 
ability to select from a number of different spool types. For 
instance, the previous example shows a valve which can be 
shifted to any one of three positions. In one position, it di- 
rects pump flow to A, and return flow from the actuator 
through the B port to tank. Likewise, in another position, the 
flow paths reverse, connecting P to B and A to T. The third 
position occurs when the spool is physically centered in the 
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housing. This disconnects all ports since the lanas block all 
possible flow paths. 


It stands to reason that if we machine spools with lands and 
undercuts of different dimensions, we can achieve any num- 
ber of different flow paths. For instance, if we wanted our ac- 
tuator to float in the center position of the directional control, 
all we need do is machine the spool with shorter lands. As 
you can see, this would connect both actuator ports to tank 
in the center position, so that oil could enter or leave the ac- 
tuator as required during motion of the cylinder’s piston. The 
basic 4-way function would be maintained if the spool were 
repositioned to the left or the right. | 


GRAPHIC SYMBOLS FOR 
THREE POSITION SPOOLS 


Unfortunately, it would be impractical at this point to demon- 
strate each and every combination of flow paths offered by 
differently dimensioned spools. It is, however, important to 
understand how the different flow paths are achieved, and to 
realize which ones are standardly available. Throughout this 
chapter, spool types will be designated in symbol form. Con- 
sequently, it is important that the graphic representations be 
understood. 
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Although we have not yet described the methods available to 
shift the spool to its various positions, we can mention the 
fact that most three position valves are held in the center or 
neutral position by a set of centering springs. The valve is 
then shifted to one of its end positions by some external ac- 
tuator force. In symbol terminology, the port connections to 
the valve are normally connected to the square which 
represents the valve’s center or deactivated position. As 
shown in our symbol for a three position closed center direc- 
tional valve, arrows are used to indicate flow paths in the 
shifted position. The springs indicate that the valve self cen- 
ters when the shifting force is removed. Our symbol at this 
point indicates the flow positions only, since actuator sym- 
bolism will be discussed later in this chapter. 





Typical Directional Valve Spools 


In graphically representing a directional valve’s spool, each of 
its possible flow positions within the valve housing is 
represented by a square. This means that a three position 
valve symbol would consist of a row of three squares. 





Basic Symbol Representation 
Of Three Valve Positions. 
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Centering Spring | Centering Spring 





Manual Overide 


Manual Overide 


CHAPTER 5 


DIRECTIONAL CONTROL 


One of the most versatile aspects of hydraulics is the ease 
with which the direction of energy transfer can be 
manipulated. No other method of power transmission 
provides as many control options for reciprocating linear 
motion or reversing a rotary drive. Virtually hundreds of 
horsepower can be made to change direction almost in- 
stantaneously at the flick of a wrist. On the other hand, the 
machine function can also be totally automated by in- 
terfacing the directional control components with hydraulic, 
pneumatic, electrical or electronic control circuits. 


The check valve, as outlined in Chapter 4, is but one of a 
multitude of components available for controlling the direc- 
tion of flow in hydraulics. In this chapter, the components 
and methods used to control the direction of work output 
will be studied. The chapter is divided into two parts in order 
to study both sliding spool type and poppet style directional 
controls. The discussion has been limited to valve control, 
leaving the discussion of the possibility of pump control of 
direction for Chapter 6. 


SLIDING SPOOL TYPE 
DIRECTIONAL CONTROLS 


Once the conditions of the load have been defined, there is a 
logical hydraulic design sequence in which a suitable ac- 
tuator is selected which will give the desired linear or rotary 
motion. Of course, in the selection of the actuator, the 
pressure and flow requirements must be considered so that 
sufficient force and speed can be obtained from the system. 
When we are satisfied with the selection of pressure and flow 
controls, we are convinced that we can adjust system speed 
and maximum output force, while always keeping the motion 
of the load under the control of our hydraulic system. In the 
back of our mind, we also know that eventually we can select 
a suitable pump to supply a flow of fluid to our system from 
some storage reservoir. But, at this point, we must concern 
ourselves with tying it all together into a meaningful system. 


We are, therefore, faced with the fact that we have a rotary 
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or linear actuator which normally has two port connections. 
Likewise, we know that if oil is pumped into one of the ports 
while the other port is connected to tank; the actuator will 
move in one direction. To reverse its direction of motion, the 
pump and tank connections at the actuator must be re- 
versed. Over the years, sliding spool type directional controls 
have been found to be the most acceptable way to ac- 
complish this change in plumbing compactly and quickly. 
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Basic Operation 


Basic Operation 


BASIC OPERATION 


The sliding spool directional control has a cylindrical piece 
called a spool which slides in a machined bore in the valve 
housing. The housing has a number of ports to which the 
pump, tank and working lines for the actuator are connected. 
Internally, the ports are connected to cast or machined 


while at the same time 
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DESCRIPTION 


Sandwich mounted dual 
pilot operated check. 


Prefill valve 





Logic element with three effective 
pressure areas. 


Logic element without area A.. 


Normally closed pressure control. 
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CONCLUSION 


This chapter has compared the operation of a simple check 
valve to that of a low pressure direct operated relief. 
Although the main purpose of a check valve is to provide 
leak free directional control, we have shown how some 
pressure control functions can also be achieved. 


In addition to the discussion of a simple check valve, the 
operation and application of pilot operated valves have been 
discussed. When working with pilot operated check valves, 
we must understand how pilot ratios, decompression pop- 
pets, and external drains affect the operation of the valve. In 
actual application, we must also consider the pilot pressure 
requirements needed to open the main poppet. We should be 
aware of the pilot pressure considerations for both load 
holding and decompression applications. Circuit examples 
for venting the X port and pressure or flow control ad- 
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justment of decompression have been explained. 


Prefill valves are quite similar to pilot operated check valves, 
but are designed specifically for use in press applications. 
The basic design variations allow considerably high flow 
rates with minimum pressure drop in the free flow direction. 
Because of its specialized application, the decompression 
features of a prefill valve are somewhat sophisticated. 


In this chapter we have also introduced the logic element as a 
viable means of controlling hydraulic circuits. The simplicity 
of the logic element poppet often allows us to combine direc- 
tional, flow and pressure control in one unit. However, since 
the open or close position of the poppet is determined strictly 
by the prevailing pressure conditions, pilot circuit design in 
this case, is somewhat complicated. Nevertheless, the ad- 
vantage the logic element offers in interfacing small control 
circuits with high flow systems makes it an interesting 
technology in modern hydraulic control. 
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(3) directing flow to the blind end of 
the cylinder. 









Return oil is metered from the 
rodend... 






When the pilot 
valve shifts... 






as set on this stroke 
limiter. 





@ these elements open... 





Logic Element Circuits 


PRESSURE CONTROL COVER raz. 


Since we have already discussed the operation of various 
pressure controls in Chapter 2, it would be repetitious at this 
point to open the discussion again. It is more important to 
mention the fact that various pressure control covers are 
available for performing relief, sequence, reducing, coun- 
terbalance, and unloading functions. The cover itself in- 
cludes the necessary pilot orificing for stable operation, and 
it has a mounting surface for accepting a miniature pilot 
pressure control. Virtually any pressure control function can 
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be achieved by using a relief, sequence, or reducing pilot 
valve in conjunction with either the normally closed or nor- 


mally open pressure control logic element. 


DESIGNING WITH LOGIC ELEMENTS 


When you combine a knowledge of logic element hardware 
with the application knowledge of pressure, flow, and direc- 
tion control, as presented in other chapters in this book, you 
will be well on the road to designing with logic elements. 
However, we must wam you that circuits involving logic 
elements are relatively new to modern hydraulics. For this 
reason logic element design is more of a theory than an ap- 
plication fact. 


The logic element is quite simple in design, and, therefore, 
very versatile. However, because it depends solely on 
pressure, you will have to follow a logical but complicated 
process early in the design stage, and think through the in- 
teractions of pressure during each step of the machine cycle. 
Unfortunately, it is quite difficult to symbolize pressure in 
design drawings. This complicates both the design and the 
trouble shooting of prototype manifolds. Nevertheless, your 
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work will be worth the effort, because it will put you well on 


your way to working with the most modem hydraulic system 
in our industry. 


SYMBOLS 


Symbols for check valves clearly represent the intended 
function. As shown in the chart, the seat is represented bya 
symbol similar to an arrowhead, while the poppet is 
represented by a circle. To avoid confusion, be aware that 
the arrowhead is not to be interpreted as an arrow indicating 
the direction of free flow. Free flow is that which pushes the 
poppet (circle) away from the seat (arrowhead). 


When you are trying to interpret a circuit function, you can 
also avoid confusion by paying attention to the symbol 
representing the spring. In actual practice, though, the 
cracking pressure Springs are seldom used in design 
drawings. For this reason, we recommend that when 
cracking pressure is important to the circuit function, the 
cracking pressure in PSI should be listed next to the valve 
symbol. 






Simple check valve 
(free flow from left to right) 








Simple check valve with high cracking 
pressure. 








Pilot operated check valve 
internally drained. 


Pilot operated check valve 
externally drained. 


Cover 





DIRECTIONAL CONTROL COVERS 


The use of logic elements for directional control will be 
covered in more detail in Chapter 5. At this point, however, it 
is sufficient to say that the directional control simply selects 
whether area A; will be pressurized or vented to tank. Nor- 
mally, port X is used to supply the pressure port of the direc- 
tional control, while port Y is used as the tank connection. 
Design flexibility can be extended by using sandwich 
mounted flow or pressure regulating valves between the 
directional control and the cover. That is, by metering the 
flow to or from area A;, the opening and closing of the logic 


As Determined By The Position Of This 
Directional Control. 


Directional Control Cover 


Pilot Pressure Supply ———___™" | * 


Directional Control Cover 






element poppet can be cushioned. In addition, when a san- 
dwich mounted pressure control is used, directional and 
pressure control functions can be combined into one 
element. 


SHUTTLE VALVE COVER 


In many applications, it is necessary to pilot area A, from the 
highest of two possible pressure sources. For instance, with 
an over center counterbalance function, it can be desirable to 
pilot area A; from the working pressure side of a cylinder’s 
piston until load conditions change. Then, when the over 
running load induces pressure on the opposite side of the 
cylinder’s piston, we will want this pressure to affect the pilot 
circuitry. 


This type of piloting is easily accomplished by piloting area 
A; with a shuttle valve cover. As shown, the simple shuttle 
valve cover pilots area A,, with the highest of the two 
separate pilot pressures occuring in either the X or Y pilot 
passages. Remember, X and Y ports can be drilled to con- 
nect with any required pressure sources as determined by the 
function being accomplished. 


When a shuttle valve is combined with a directional control 
cover, area A; can be piloted from the highest pressure in 
either the A or B main flow passages to the logic element. 


= Pressure Controls Here Aid in 
Design Flexibility 


L 
—— — 


Tank Return 


D Area A, Is Pressorized or 
Vented... 
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Shuttle Valve 
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This assures that the poppet will always be closed until area 
A; is vented to tank by the directional control. In our ex- 
ample, if area A; were only piloted from the B passage, high 
pressure at port A could open the poppet and allow a flow 
from A to B. 
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STROKE LIMITER COVER 


— 


— Ep < 
[T 1 R eee ree = 


When the flow control function is used with logic elements, a 
cover is available which will adjust the maximum opening 
stroke of the poppet. We must be aware, however, that the 
flow control function may not be as precise as it is when we 
use a valve designed specifically for performing flow control. 
That is, even if a very fine thread were used on the stroke 
limiter, the logic poppet, because of its design, would open a 
large flow area in a very short stroke. This would definitely 
limit the accuracy of adjustment, as discussed in Chapter 3. 
Nevertheless, a logic element used with a stroke limiter cover 
is a good example to bring home the fact that logic elements 
can be an economical solution to some problems in high flow 
hydraulic circuits. The following circuit not only replaces the 
large spool type directional control and two meter out flow 
controls economically, but it also provides a leak free 
hydraulic locking of the cylinder. In addition, because the 
logic elements are held closed by a limited system pressure, 


the cylinder is automatically protected from being over- 
loaded. 


Also, if held under 
load, this cylinder 
can creep... 


valves must 
be quite 
larger. 

(2 1⁄2”) 


(2) these three 
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of leakage [i= 
across this 
spool. 


here... Conventional 


Circuit 


200 GPM 





Area A, is 50% of Area A, 


As will be shown, depending on the method of piloting, the 
elements can be used to perform check, directional, or flow 
control functions. In addition, some forms of pressure con- 
trol can be obtained. However, when strict pressure control 
functions are required, two variations of the basic logic 
element give more precise control. 


LOGIC ELEMENT CARTRIDGES FOR 
PRESSURE CONTROL FUNCTIONS 


If we think back for a moment to the pilot operated pressure 
controls discussed in Chapter 2, there were only two basic 
main poppet configurations. The first, in reducing valves, 
used a normally open cartridge, while the second, in relief 
and multifunction valves, used a normally closed poppet. 
Elements with identical functions are also available for 
mounting in a standard logic element cavity. 


Pressure control with logic elements can accomplish relief, 
sequence, unloading, and counterbalance functions simply 
by modifying the method by which we modulate the pressure 
on area A;. However, for precise pressure control, we want 
the pressure in chamber A, to be identical to the pressure 
working on area A, just before valve opening. In this manner, 
the moment pressure is limited in the pilot chamber, the 
slightest pressure differential will overcome the light spring 
force which causes the poppet to open. Likewise, the 
moment the pilot closes, and chamber A, becomes static, 
hydraulic forces must balance so that the spring force can 
close the poppet quickly. Remember that between these two 
points, there is a dynamic range of operation where the main 
poppet must have stable modulation so that just enough fluid 
is passed to maintain the desired pressure control function. 


If a standard stepped logic element were used to perform a 
relief function, for instance, the moment the cartridge 
opened to flow, area A, would become effective and add to 
the available force for opening. This means that it would take 


Flow Area when open 


Area A, is 7% of Area A, 


more force to close the poppet than was initially required to 
hold it closed. In the dynamic position, the pilot section can 
only determine one closing pressure force working over area 
ÂA. Consequently, once opened, the standard logic cartridge 
would inherently become unstable, since the exact balance 
of forces necessary for stable operation would be lost. 


For this reason, a logic element is available which has an 
area A, which is equal to the area A;. For pressure control 
functions this design is inherently stable, since hydraulic 
forces tending to open or close the poppet are always in 
balance. 


Area A, = Area A, 


Area A, equals 0 





Logic Cartridge For Normally Closed 
Pressure Control Functions 


NORMALLY OPEN LOGIC ELEMENT 
CARTRIDGES 


In performing reducing valve functions, the cartridge must be 
normally open, allowing flow from inlet to outlet. When 
pressure in Chamber A, reaches a predetermined limit, as 
established by the pilot network, the cartridge spool must 
modulate toward a closed position. This causes a pressure 
drop across the orifices established by the cross drillings, so 
that downstream pressure remains at the required setting. 
To provide stable operation, area A, is equal to area As. 
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With the A port being the reduced pressure port, hydraulic 
forces above and below the cartridge spool are always stably 
in balance during dynamic operation. 


—, 


Area A, = Area A, 





A = Reduced Pressure Port 


Normal Open Logic Element Cartridge 


CONTROLLING THE LOGIC ELEMENT 


Up to this point, we have only discussed the operation of the 
actual logic element cartridges. The flexibility of this element, 
however, does not really become apparent until the design 
engineer considers the various functions which can be 
designed around a few basic logic elements, simply by doing 
tricks with the pilot circuitry. The simplicity of the cartridge 
itself, allows us to build a valve to meet the requirements at 
hand. The poppet opens, closes, or modulates as dictated by 
the prevailing pressure conditions on two or three of its sur- 
face areas. Pilot control circuitry performs the required func- 
tion by manipulating the interaction of pressure forces, while 
at the same time, the logic element interfaces this control 
with high flow in the system. 
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Remote connection to port X 


Pilot passages X & Y can be 
drilled to connect with any 
required pilot source. 


MOUNTING CAVITY & PILOTING 


As already mentioned, the logic element fits in a stan- 
dardized bore in a custom manifold block. Although main 
flow ports and the bore itself are designed to a particular 
standard, the designer is at liberty to pilot area A, from vir- 
tually any required source. As shown in the cavity drawing 
for a typical cartridge, the element is held in its respective 
bore by a cover. 


The cover is fed by two pilot passages, ports X & Y. De- 
pending on the function desired, either of the pilot passages 
can be drilled to connect with either of the main flow 
passages. Likewise, it is just as easy to connect the X & Y 
ports to some other pilot source within the manifold, or to 
externally pilot the A, area through port connections in the 
cover. Since pressure on area A; must be ported through the 
cover, considerable design flexibility is possible because of 
the availability of a large selection of standardized covers. 


PLAIN BLOCK COVER 


This basic cover connects area A, to pilot passage X. 
Although the X port can be internally connected to virtually 
any source, as shown here, the simple check valve function 
is accomplished by piloting from the B passage to the 
element area A;. In this example, the logic element allows 
free flow from port A to port B. In the reverse direction, flow 
is checked without leakage. Since area A, is larger, 
simultaneous pressure on A, and A, keeps the poppet 
seated. 
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O-ring sealing for easy element 
replacement 


t os Manifold block 


Typical Logic Element Cavity 
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Valve cartridge assembly and pilot section 
mounted into the cylinder cap 


Prefill valve with high pressure flange 
to supply several cylinders 
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Cross section of a prefill valve for mounting 
directly in a tank which is located on top of the 
cylinder 


Cross section of a prefill valve with low pressure 
housing which can be rotated through 360° 
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Cross section of a prefill valve main poppet 
without control cylinder, for use as an anti-ca- 
vitation check valve. 


LOGIC ELEMENTS 





The logic element revitalizes some of the early concepts 
which led to development of the hydraulic industry as we 
know it today. In the infancy of hydraulics, water was the 
medium used to transfer energy. Spool type directional con- 
trols, which will be discussed in Chapter 5, found universal 
application only after the introduction of oil hydraulics many 
years later. Since economic conditions are again causing us 
to consider water as our hydraulic medium, many manufac- 
turers are reconsidering the poppet valve as the controlling 
element. In combining the older poppet theory with modern 
technology, we find that the logic element provides 
economical solutions to hydraulic systems incorporating 
either water or oil. 


The modern day logic element is a cartridge poppet which 
must be mounted in a manifold block. Although its operation 
is dependent on a custom designed manifold, its simplicity 
provides technical and economical solutions to many 
hydraulic problems. It is especially desirable on high speed 
equipment with high flow hydraulic circuits. Let us now take 
a closer look at how it works. 
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LOGIC ELEMENT OPERATION 
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As shown in the operational cross section, the basic logic 
element is a three-piece assembly consisting of a poppet, 
bushing, and a spring. The standard poppet is machined in 
graduated steps, so that when positioned inside its bushing, 
there are three separate areas for pressure to act upon. 
Depending on the prevailing pressure conditions at port X, 
A, and B, the poppet is either open, closed, or in some 
modulating position between fully open and fully closed. 


In defining the surface areas, the nose of the poppet is area 
A,, which we will assume is 100%. The ring area, A,, is then 
defined as the area which has the ID of the seat diameter and 
the OD of the poppet guide. Depending on the model 
selected, this area can be either 7% or 50% of the nose area, 
A,. Obviously, the third effective area, A;, is that of the full 
diameter of the poppet. Likewise, this area is dependent on 
poppet design, and is either 107% or 150% of the nose area, 
A. For any given element size, area A; has the same 
diameter. Consequently, the area ratios of A, and A, are 
changed by modifying the maximum diameter of the poppet 
nose. As shown, a logic element which has an A, area which 
is 50% of area A, has considerably less flow area when open 
than an element with a 7% A, area. 


Needless to say, pressure working over area A, creates a 
force which tends to seat the poppet and block the flow path 
from A to B. Opening forces, on the other hand, are 
established by pressure working over areas A, or A,. Of 
course, if pressure exists in the A and B ports 
simultaneously, the force trying to open the valve poppet is 
the sum total of both of these pressures. 


ester fluids. Remember, the only pressure we have available 
to cause a flow to occur is the atmospheric pressure and the 
static head pressure of the oil. Likewise, we must subtract 
from the available pressure the 3 PSI which is necessary to 
open the main poppet of the prefill valve. 


On the other hand, it is possible to prefill with a higher flow 
rate for a given valve size if the reservoir is designed so that 
the oil can be pressurized to approximately 100 PSI. Here 
you can easily see that considerably more pressure is 
available for prefilling the main ram. For these prefill ap- 
plications, oil velocities up to 20 F.P.S. provide satisfactory 
operation. 


Assuming the kicker cylinders can supply enough force, the 
main ram has the capability of pulling a nearly perfect 
vacuum. We must consider this fact and size our prefill lines 
and components so that we fill the cylinder with oil rather 
than pulling an excessive vacuum. When you are sizing a 
valve of this nature, we ask that you consider the information 
as presented under Suction Conditions for Hydraulic Pumps 
in Chapter 1. 


DECOMPRESSING WITH A 
PREFILL VALVE 


Decompressing with a prefill valve is accomplished in 
basically the same manner as already discussed for pilot 
operated check valves. Because of its specialized ap- 
plication, the decompression features built into a prefill valve 
are somewhat more sophisticated. 


First of all, the pilot piston of a prefill valve is designed as a 
single acting spring returned cylinder. Since it is assumed 
that some control component will always be used to provide 
adjustable decompression, the spring return is designed 
strong enough that the pilot spool will always return to its 
retracted position when the pilot pressure signal is removed. 








will be pushed over — 
this reverse free flow 
check... 


so that the pilot piston’ can 
return to its retracted position. 





Secondly, it is virtually impossible to open the main poppet 
of a prefill valve before decompression of the main ram oc- 
curs. The circuit is protected from damaging decompression 
shock because, unlike the pilot operated check valve, the 
main poppet has an area advantage over the pilot piston. 
Even if full system pressure is put on the pilot port, the pilot 
piston can only generate enough force to open the decom- 
pression poppet. This assures high pressure bleeding before 
the opening of the large flow area. 


The area ratio of the pilot piston to the main poppet of a 
typical prefill valve is in the order of 0.25:1. Assuming that 
the pilot pressure is equal to the preloaded pressure on the 
main ram, even at 5000 PSI, the pilot piston will not open 
the main poppet until the preloaded pressure is bled to 1250 
PSI. Since satisfactory decompression is assured at virtually 
any pilot pressure, the time related speed control method of 
decompression is usually preferred in prefill circuitry. 


In calculating the minimum pilot pressure requirements to 
open the decompression poppet, we must remember that we 
are working against a spring returned pilot piston which 
requires a minimum pressure of 75 PSI. However, this 
shows up in our formula simply as a larger valve constant. 
For the area ratio of the valve, we divide the pilot piston area 
by the decompression poppet area. This figure is typically in 
the order of 10:1. Consequently, our minimum pilot pressure 
can be calculated simply from the following formula: 





there is more than enough force to assure 
that this oil... 


If this spring generates a 
minimum pilot pressure of 
“75 PSI... 
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(4) this decompression poppet =. 
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(6) before this main poppet can open. 


6) pressure here must be bled to a safe 
level... | 


MOUNTING VARIATIONS 
FOR PREFILL.VALVES 


It is relatively easy to sit down and design a prefill application 
on paper. However, when it comes time to do the actual in- 
stallation, either space limitation on smaller presses or the 
bulky piping on larger systems can become quite frustrating. 
To simplify installation, however, prefill valves are available 


Mounting of check valve cartridge in the cylinder 
cap 


Optional port 






rtA 
Prefill Valve 


Cartridge 
Assembly 
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there is a larger 
~ closing force than 
opening force. 


which are designed on the modular concept. In applications 
with limited space requirements, the functional parts can be 
integrated into the cap of the cylinder. On larger installations, 
plumbing can be simplified because the low pressure housing 
module can be rotated so that the A port can be aligned with 
the high flow plumbing throughout 360° of housing rotation. 
The following are but a few examples of possible in- 
stallations. 


Application of cartridge as an anti-cavitation 
check valve 





| Housing 


^ — Prefill valve 
cartridge assembly 


and pump pressure is sequenced to build 
tonnage on the main ram. 





(57 this poppet closes... 


















Pilot Flow Control 
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causes prefilling of the 
main ram with a high 
flow rate here. 


| Sequence Valve 


When the main ram is —I ARERR a vacuum condition 
extended by these cylinders .. . |: here... 





When the platen meets resistance 
and stops moving... 





Counterbalance Valve 
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Typical Prefill Application 
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the prefill valve first decompresses the 
ram... 











with the large oil 
volume returning to 
tank here. 









The main poppet opens once 
pressure decays... 
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(5) andthe press is retracted by 
the kicker cylinders... 








In this position of the directional control .. 
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From Pump LJ to Tank 





Typical Prefill Application 
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at the rate set on this flow control. 


PREFILL VALVES 





The operation of a prefill valve is identical to that of a 
standard pilot operated check. As shown in the cross- 
sectional illustration, the valve allows a free flow of oil from 
port A to port B. You can achieve reverse flow through the 
valve by supplying a pilot pressure at port X sufficient to 
open the main poppet. 


The major difference between a prefill and a pilot operated 
check is that a prefill is only capable of handling high 
pressure on its B side. The high pressure capability on the A 
port is replaced with a larger low pressure housing, which of- 
fers less resistance to flow in the free flow direction. Like- 
wise, the cracking pressure in the free flow direction is ap- 
proximately 3 PSI, which is considerably less than the 
cracking pressure in a standard pilot operated check valve. 
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In addition, prefill valves include a housing design for 
mounting directly into the body of the cylinder with which the 
valve is used, and a single acting spring retumed pilot piston. 


APPLICATION OF PREFILL VALVES 


The prefill valve has been designed specifically to eliminate 
the need for high volume pumps on large press circuits. In a 
prefill circuit, a relatively large ram, sometimes as large as 
60” in diameter, is moved into and out of its working position 
by a number of smaller, double acting “kicker” cylinders. 
During extension of the ram, a huge flow rate, which would 
otherwise have to be supplied by a number of high volume 
pumps, is pulled into the ram as a vacuum is created. The 
moment the ram stops, the light spring forces the main pop- 
pet to close. A considerably smaller high pressure pump can 
then build tonnage during the working stroke. 


SUCTION CONDITIONS 
DURING PREFILL 


As the ram is being prefilled, the inlet is subject to the same 
conditions that exist at the inlet of a hydraulic pump (Chap- 
ter 1). This means that proper sizing of components and 
lines is of utmost importance for the proper operation of the 
system. The problem is that if the inlet is undersized, the 
flow rate is not high enough to fill the cylinder completely as 
it is extended. When the ram meets its resistance, too much 
time is required to finish the prefilling cycle so that tonnage 
can be developed. We have found the following facts helpful 
in achieving the proper applications. 


First of all, a 14” prefill valve means that the minimum flow 
area through the valve is equivalent to an orifice with a 
diameter of 14”. This is not always true for standard pilot 
operated check valves, where the actual flow area can be 
somewhat smaller than the nominal port size. Consequently, 
for prefill valves, we can calculate our oil velocity from the 
formula given in Chapter 1. 

Namely. 





In 99% of all press applications, the minimum height of the 
oil level in the reservoir is above the top of the ram. In these 
flooded suction applications, we have found that proper 
pretilling will normally occur as long as the oil velocity is kept 
below 12 F.P.S. for mineral oil or 8 F.P.S. for phosphate 







This flow 
control 

controls the 
speed of the 


pilot piston... 
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EXTERNALLY DRAINED PILOT 
OPERATED CHECKS FOR 
DECOMPRESSION CIRCUITS 


Earlier in the chapter, we mentioned that some externally 
drained valves can be made to close more rapidly if the L 
port is use in conjunction with a 4 way directional control. 
This method of piloting is always preferred in the installation 
of a pressure regulator or flow control in the valve’s X port 


for the purposes of adjusting decompression. 
is 50 or 16.6 PSI. 
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@) and this pilot piston... 
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the maximum pressure —__ 9 
which can be created 


by the spring here... 
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(3) with an area ratio of 3:lhere... 
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(3) This ‘adjusts the time period 
for decompressing this fluid. 


the decompression poppet. 


When this method is not used, the valve may not close 
quickly enough when the circuit is required to build tonnage. 
Actually, with a standard pilot operated check valve, the only 
force available to move the oil out of the pilot section is that 
of the spring behind the main poppet. This force, when 
distributed over the full area of the pilot piston, may not 
generate enough pressure to open the reverse free flow check 
valve of the flow or pressure regulator in the valve’s X port. 
Needless to say, the closing time of the main poppet can be 
severely restricted. 


there may not be enough force left to push oil 
cross this free flow check. , 


Since some force is required to move this 


allows this poppet to crack at 50 PSI... 
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In the illustrated circuit, preloaded pressure is bled from the 
blind end of the cylinder once the decompression orifice 
opens. When preload pressure drops to the point where it 
can no longer balance main system pressure working on the 
rod end area of the cylinder, the cylinder begins to retract. Its 
speed is limited by the amount of flow which is allowed to 
pass over the decompression orifice. In functioning like a 
meter out flow control (see Chapter 3), the back pressure in 
the blind end is at the level necessary to resist the flow en- 
tering the rod end of the cylinder, up to the point at which the 
main system relief is opened. Assuming no load on the cylin- 
der, this back pressure can be determined simply by using 
the area ratio of the cylinder. We are now faced with the fact 
that our pilot pressure must also be high enough to open the 
main poppet against this residual back pressure. 


By now, it should be apparent that the design engineer must 
be aware of what is happening at the B port of the valve 
whenever a pilot operated check is being piloted from the line 
supplying the opposite end of a cylinder actuator. It is im- 
portant to realize that decompression circuits, although dif- 
ferent from load holding circuits, can be influenced by 
pressure conditions on the opposite end of the actuator. In 
reference to our previous circuit, let us assign some arbitrary 
values and then calculate our pilot pressure requirements. 


Parameters: 


Cylinder: 4” @ bore x 112” rod 

Cylinder: area ratio: 1.165:1 

Pilot piston to decompression poppet area 
ratio: 12:1 

Pilot piston to main poppet area ratio: 3:1 

Main system pressure: 3000 PSI 

Preload pressure: 3000 PSI 

P, =0 PSI 

Lp = Load'induced pressure = 0 

P =Pump pressure (PSI) 


Initially, the pilot pressure must be high enough to open the 
decompression poppet against the preloaded pressure, or: 


P, -P PSI - 0 PSI 


Pp AR, 12 
0 PSI +75 PSI =256 PSI 


Where: 
AR,.=12:1 


However, when the cylinder begins moving, and we want to 
open the main poppet, our pilot pressure requirements 
become: 


AR, 





P, =L,+P( 








1 
= 0 + 3000 PSI =2575 PSI 
Pe ” 71.165 
Consequently: 
P, -P 2575 
PS = a OS +75 =933 PSI 
AR, 3 


Where AR ; becomes 3: 1 


This means that for satisfactory operation of our previous 
circuit, the optimum setting of our pressure reducing valve 
would be the higher of the two figures, or 933 PSI. At this 
pressure, the pilot piston would fully open the decom- 
pression poppet, but would stall against the main poppet 
until B port pressure decayed to the 2575 PSI level. If the 
pressure reducing valve were set any lower than 933 PSI, 
only the decompression poppet would open, never allowing 
the cylinder to retract at full speed. Likewise, if the pressure 
were set higher than 933 PSI, the main poppet would open 
sooner, which would increase the decompression shock. 
You can easily see that by adding a load induced pressure 
during retraction of the cylinder, you would also cause a 
change in your optimum pilot pressure. This, of course, 
makes pilot pressure adjustment a somewhat sensitive 
operation. 


In most press applications, the pilot oil for the pilot operated 
check valve is taken from a separate pilot source, or from the 
rod end of a cylinder with a large area ratio. In fact, most 
press circuits use separate “kicker” cylinders to push back a 
single acting ram. In these applications, the transmittal of 
pressure across the actuator’s piston is so insignificant that 
the formulas for calculating pilot pressure reduce simply to: 





Where: 


P , = Pilot Pressure (PSI) 

P. = Preloaded Pressure (PSI) 

P a =A Port Pressure (PSI) 

AR, = Pilot Piston area divided by decompression poppet 
area 
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or, for externally drained valves: ADJUSTABLE DECOMPRESSION USING A 
FLOW CONTROL 


A second, sometimes preferred method of adjusting decom- 
pression is to control the speed of opening by using a meter 
in flow control to the valve’s X port. The advantage of this 
method is that the adjustment is time related, and is 
somewhat less sensitive that the force balancing method of 
pressure control. By simply putting a flow control in series 
with the valve’s X port, we can severely restrict the speed at 
which the pilot piston first opens the decompression poppet. 
Then, at some later time, the piston contacts and opens the 
main poppet. The time period between contact with the nose 
of the decompression poppet and contact with the main pop- 
pet allows for decompression of the cylinder. 








With a considerable 
area difference... 








therefore, | 
the pressure - 
sethere... 


(3) has little effect on pressure here... 


(5) is simply preloaded pressure... 


D plus the valve constant. 


— 60— DE 
A J /\ a | (6) divided by this area ratio (a:b)... 
LZ 


Simple Circuit For Adjustable Decompression of A Small Press 
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released, the average pressure can be assumed to be 2500 
PSI. This means that the initial potential energy was ap- 
proximately: 


Ift. 
X i2in. 


= - 240,625 Ft.-Lbs. 


Consequently, the heat generated during decompression is: 


5 Gallons x 291 in? x 25005; = 


Gallon 


1 BTU 


240, 625 Ft.-Lbs. x -778 Ft.-Lbs. 


= 309 BTU 


You can easily see that some heat is developed as the press 
circuit decompresses. The fact is that the smaller the decom- 
pression orifice, the longer it takes to transform the potential 
energy. On the other hand, the larger we make the decom- 
pression orifice, the faster the potential energy is trans- 
formed. The actual time required for decompression can be 
calculated from the following formula: 


T = NUE 
A (6.3 x 10°) 


Where: 

T = Time (seconds) 

V = Volume of compressed fluid (in?) 

A = Area of decompression orifice (in?) 

(6.3 x 10°) = Conversion constant 

P = Initial system pressure (PSI) 

(Note: This formula assumes an orifice coefficient of .6 with 
a fluid having a specific gravity of .895 and a bulk modulus of 











2.0 x 10° lbs./in.?) 


Unfortunately, as we make the decompression orifice larger 
and larger, our system becomes less efficient in its ability to 
convert potential energy into heat. In our previous example, 
it would be possible to open the full poppet area of the pilot 
operated check, assuming we had enough pilot pressure. 
However, if we were to open this large flow area, there would 
be little or no resistance to the flow of compressed fluid. 
Since there would be no orifice, heat could not be generated 
due to pressure drop. We would then have to ask ourselves, 
“What happened to the potential energy?” 


Under these conditions, the potential energy has the ability 
to do work. With little resistance, the compressed fluid ex- 
pands almost instantaneously in the form of an explosion. 
Since heat is not generated, the full eneray level rapidly does 
work on anything that is in its way downstream of the main 
poppet in the pilot operated check. Actually, the eneray is 
dissipated in accelerating the oil contained in the pipe, 
stressing pipes, joints, and hoses, and in noise. At this point, 
the energy works on the “weakest link in the chain.” Since 
the energy level can be quite high, it is not uncommon to see 
poorly designed press circuits break pipe joints or hoses 
downstream of the pilot operated check. 


In order to avoid the detrimental effects of decompression, 
we must allow time for the potential energy to be converted 
into heat. In addition, we can use a short pipe between the 
pilot operated check and the tank, so that there is no large oil 
mass to accelerate. In this way, the oil column becomes the 
weakest link, and prevents overstressing of the piping. 
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the stored potential energy here... 


there is no resistance to flow, and... 





creates enough 
force to open the 


Be oe E: ZS main poppet... 


explodes with a damaging 
effect into the system here. 
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PILOT CIRCUITS FOR 
DECOMPRESSION 


We have shown how a pilot operated check valve with a 
decompression poppet can be used to prevent the detrimen- 
tal effects of decompression. However, it is your respon- 
sibility to design the pilot circuit so as to prevent full poppet 
opening under pressure. In most applications, however, we 
are not at liberty to allow as much time as is needed to fully 
decompress the system. This, of course, would cause an ob- 
jectionable delay in production. For this reason, your design 
must include some method of minimizing decompression 
shock, while, at the same time, providing for optimum cycle 


GE Initially, pressure here... 








Ge PA Pa PA PATO, 


From Pump 


(6) this piston has just enough force... 


6) By reducing 
pilot 
pressure... 


time. 


ADJUSTABLE DECOMPRESSION BY LIMITING 
PILOT PRESSURE 


We have already shown how we can limit the pilot pressure 
so that the pilot piston has only enough force to open the 
decompression poppet. This means that we can adjust the 
output force of the pilot piston simply by using a pressure 
reducing valve in series with the pilot operated check valve’s 
X port. 






T 


relaxes the output force... 










j (2) working over this area... 
p- 






but does not increase preloaded 
pressure here. 


StS D to open the decompression poppet... 








(8) allowing decompression of the cylinder. 









@ A pressure setting here... 


From Pump | 2 
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when the cylinder begins 
retracting. 


against the back pressure 
created... ‘ 


which opens the decompression 
poppet against the initial preload 
pressure... 


(3) may not create enough force... 


example, in mobile equipment sitting idle on a hot summer 
day, or in industrial cylinders on furnace doors. In these 
kinds of applications, the increase in ambient temperature 
causes the hydraulic fluid to warm up. Of course, as the oil is 
heated, it has a tendency to expand. 


The problem is that a pilot operated check seals leak free, 
leaving no room for expansion in the captive column of fluid. 
This, in turn, increases the pressure in the fluid to the point 
where it will move the load in order to provide more room in 
the actuator for the expanded fluid. Needless to say, if the 
motion of the load is obstructed, the fluid pressure will sim- 
ply increase until something breaks. 


To avoid damage to either the load or the hydraulic system, 
because of possible changes in ambient temperatures, it is 
good practice to install a port relief between the pilot 
operated check and its actuator. To prevent the load from 
drifting under normal operating conditions, the relief should 
be set somewhat higher than maximum load induced 
pressure, and it should be a leak free direct acting poppet 
design. Since expansion rates are usually relatively low, a 
thermal relief normally does not have to relieve high flow 
rates. Consequently, a 4” or LS" relief is normally adequate. 


SANDWICH MOUNTED DOUBLE 
PILOT OPERATED CHECK 
VALVES 
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Load Side ‘Pilot Piston 


As a convenience item, particularly for load holding ap- 
plications, a dual pilot operated check valve sandwich is 
available for mounting between the directional control valve 
and its subplate. As shown in the operational cross section, 
the valve housing incorporates two check valve assemblies 
with a single pilot piston common to both. 


In the center position of the directional control, both sides of 
the pilot piston, and the nose area of both check valve pop- 
pets, are vented to the tank. The cylinder is positively locked 
against motion in either direction, since the check valve pop- 
pets are close and capture a column of fluid on both ends of 
the actuator. 





When the directional control valve is shifted into a position, 
which causes the cylinder to advance or retract, pump flow is 
directed to either the A, or B, port of the valve. At the 
same time, it connects the opposite side of the pilot piston to 
tank. As shown, pump flow over one of the check valve pop- 
pets establishes a flow path to the actuator, while, at the 
same time, it exposes pressure to the full area of the pilot 
piston. When sufficient pilot pressure is achieved, the other 
poppet is piloted open, and the actuator motion begins. 


It is important to note that sandwich mounted dual pilot 
operated check valves are influenced by the same factors 
that determine pilot pressure requirements and the proper 
operation of internally drained pilot operated check valves. 
Consequently, the built-in two-stage poppet does not reduce 
the pilot pressure requirements in load holding applications, 
but it serves to allow for smoother acceleration of the ac- 
tuator during opening of the check valve poppet. 


USING THE PILOT OPERATED 
CHECK VALVE FOR 
DECOMPRESSION 


The pilot operated check valve is used quite frequently in 
press applications as a means of releasing stored energy at 
the end of a press stroke. Its second purpose is to hold 
pressure during short cure periods, as already discussed in 
relation to the simple check valve. 
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A 100 gallon 
captive volume... 








5000 PSI. 








Pilot Pressure 
Pump 


L 


In press applications, a major problem arises from the fact 
that oil is not perfectly rigid. Actually, for each 1000 PSI in- 
crease in pressure, mineral oil reduces its original volume by 
approximately 1⁄2 percent. It takes energy to move this oil in- 
to a smaller space. Although part of this energy is wasted in 
the form of heat given off during compression, most of it is 
stored in the pressurized fluid. This storage of energy is iden- 
tical in principle to the manner in which potential mechanical 
eneray is stored in a compressed spring. 


In actual application, the energy stored is directly propor- 
tional to the initial volume of oil and pressure in the system. It 
is relatively easy to calculate the volume of fluid being held 
under pressure in the ram. Likewise, we can estimate with 
reasonable accuracy the volume of fluid in the pipe between 
the main ram and the pilot operated check. By adding the 
two volumes, we obtain the final volume of pressurized fluid. 
Assuming that we know the pressure at which the system 
will operate, we can now calculate the increase in oil volume 
obtained as we lower the pressure to atmospheric con- 
ditions. 


Although mineral oil actually compresses only LS percent by 
volume per 1000 PSI, it is safer to estimate this compression 
at 1% per 1000 PSI. This margin of safety compensates for 
mechanical stretching of the press frame and aeration of the 
hydraulic fluid. Needless to say, the more air entrained in the 
fluid, the more compressible it becomes. 
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P) 5000 PSI 


holds approximately 105 gallons of oil at 





the pressure decays 
gradually... 
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) as the extra 5 
gallons pass through 
the decompression 
orifice. 





develops just 
enough force 
over this area... 


Let us assume that we have calculated the captive volume of 
fluid in our system, and found that between the piston of the 
ram and the poppet of the pilot operated check we have a 
100 gallon volume of pressurized fluid. Using the 1% figure, 
there would be an additional 5 gallons of compressed oil in 
our system at 5000 PSI. Of course, these 5 gallons of 
pressurized fluid represent stored potential energy. Let us 
now consider what happens as this eneray is released. 


In the above example, the stored potential energy in the com- 
pressed fluid is released gradually as the 5 gallons are bled 
through the decompression orifice. If you were to watch a 
pressure gauge as the decompression poppet was opened, 
you would see a gradual decay in pressure from 5000 PSI to 
zero. What is actually happening is that pressure is forcing 
the compressed fluid to flow across the area of the decom- 
pression poppet. The pressure reaches zero the moment the 
last of the compressed fluid is forced through the orifice. At 
this point, we could then open the large poppet area and let 
the rest of the 100 gallons of pressureless fluid return to the 
tank during retraction of the cylinder. 


Needless to say, in this example, the stored potential energy 
is converted into heat as the 5 gallons flow across the 
decompression orifice. The amount of heat generated is 
equivalent to the initial potential energy of the system. 


Since the pressure decays while the compressed fluid is 


shown in the valve symbol for a double solenoid operated 
two position valve, the spring return is simply replaced by a 


65) and this solenoid is 
actuated. 


(3) This position is achieved ... 






second actuator. 


B (2) by actuating this electrical solenoid. 


(4) when this shifting force is 
relaxed... 





T A) The spool is held in this position ... 


Double Solenoid Two Position Valve Symbol Without Springs 


TWO POSITION DETENTED 





Detent Assembly 


The detented spool is an option commonly used with two 
position valves with dual-actuators. Mechanically, the detent 
is nothing more than a set of spring loaded balls which ride 
on the spool shaft. For each of the two spool positions, an 
annular groove is machined on the spool shaft. These 
grooves are lined up with the ball detent assembly when the 
spool is shifted to one of its two flow positions. That is, 
when the actuator shifts the spool into one of the flow 
positions, the detent ball clicks into its groove, providing a 


A B 


P T 


Symbol For A Two Position Double Solenoid 
Valve With Detents 


holding force on the spool. The actuator force can then be 
relaxed, since the spool is held in position by the detent. The 
valve will remain in this position until the opposite actuator 
“clicks” the spool out of its original position into the second 
detented flow position. 


CROSSOVER CONDITIONS FOR 
SLIDING SPOOL VALVES 


With spool type directional valves, it is physically impossible 
to instantaneously change the position of the spool with 
respect to the porting in the valve housing. Even though the 
spool stroke is quite small (approximately 7/32” - La" overall 
stroke for a 12 GPM directional control), it requires a specific 
time period to move fully into any one of the flow positions. 
In actual valve design, there are several options which affect 
the pressure and flow conditions during this crossover 
period. Consequently, in selecting a directional control for a 
particular function, the design engineer should consider the 
manner in which the spool overlaps the ports in the valve 
housing. In application, smooth valve shift and proper 
system operation are affected by metering notches machined 
on the spool lands and two major types of spool overlapping, 
all of which affect crossover. 


METERING NOTCHES 


If we go back for a moment to our basic representation of 
directional valve operation, we find that, as the spool is 
shifted from its closed center position, there is a dead band 
region where spool movement provides no valve opening. 
Then, when the edge of the spool land meets the leading 
edge of the port opening in the valve housing, an annular 
flow area opens quite rapidly. The fact is that there are ac- 
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Ay 


tually two flow areas opening simultaneously: one from the 
pump to the actuator and one from the actuator to tank. 


A problem arises when the ports which are being connected 
are at considerably different pressure levels. Because energy 
is stored in pressurized fluid by compression, an explosion of 









while 
this port... 


(8) and here... 





Dead Band 


fluid will occur as the high pressure port opens to a port at 
lower pressure. Of course, the faster the opening occurs, the 
quicker the energy will exchange. This will cause a water 
hammer, which will stress pipe joints, fittings, and hoses, 
and which can eventually cause them to either leak or break. 


When we 
want the 
cylinder 
to 
extend... 
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and this port, are 
at low pressure. 





In order to obtain a smoother valve shift, metering notches 
can be machined onto the edge of the spool lands. During 
the time when the spool land and the housing are still 
overlapped, a number of equally spaced notches will provide 
small flow passage connections between the two ports. 
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because of a large 
flow area, which 
will open quickly. 


and this port, are 
at high pressure... 


Pressure differences between the two ports will gradually 
equalize, prior to the opening of the full flow area. In valves 
which incorporate metering notches on the spool, a more 
gradual transfer of energy will occur as the spool is shifted 
from one position to another. 
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POSITIVE SPOOL OVERLAP 


Whenever three or more ports are influenced by the 
movement of the spool, land dimensions will determine how 
the ports interconnect and disconnect. Since the operation of 
the actuator is affected by spool overlap, the crossover con- 
dition for the control function at hand must be considered. 
One type of spool overlapping is referred to as positive 
overlap. 


We will consider how the pressure port P will be discon- 
nected from the A port and connected to the B port as the 
spool moves to the right. As illustrated, pressure will be 
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(2) these metering notches... 
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Diagram Showing the Principle of Positive 
Overlapping 
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since, initially, 
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blocked from the A port when the spool moves to the right 
through dimension X,. It must, however, move through 
dimension X, to allow pressure to connect with port B. In 
matching the spool so that.dimension X, will be less than 
dimension X,, A will be disconnected from P before P opens 
to B. This means that during the crossover condition, all 
ports will be momentarily isolated from each other. With this 
type of overlapping, there will be no loss in pressure since the 
ports are never interconnected. In applications with 
overhung loads, the actuator cannot drift during crossover. 


The disadvantage with positive overlapping, however, is that 
during the short time period of crossover, pump flow has 
nowhere to go. Besides, the duration of crossover is usually 
less than the response time required for opening the relief 
valve. An unavoidable pressure surge is created, which ap- 
pears in the system as an audible pressure knock. Never- 
theless, the damaging affects of this pressure surge can be 
reduced by metering notches on the spool lands and 
capacitances in the system. Hoses for instance, dampen the 
knock, since they can stretch slightly during the pressure 
surge. 


NEGATIVE SPOOL OVERLAP 


The counterpart of positive overlapping is simply referred to 
as negative overlap. Negative overlapping is achieved by 
changing the proportions between dimensions X, and X, as 
shown in our previous illustrations. In reconsidering the in- 
terconnection of the three ports P, A and B, you an see that 
a differently machined spool will obtain the same end results, 
but with a different crossover configuration. 


S 
iy, BR 


Spool Vj 


X, greater 
P R than X, 


mM 


Diagram Showing the Sienn of Negative 
Overlapping 


In this illustration, pressure is opened to port B before it is 
disconnected from port A. Since the X, dimension is less 
than dimension X,, all ports momentarily interconnect as the 
spool moves to the right. During the crossover period, pump 
flow can take the path of least resistance to either the A or B 
port of the actuator. Since pump flow is never blocked, 
pressure surges, as found in positively overlapped valves, are 
avoided. Consequently, negative overlapped valves can be 
incorporated to obtain smoother and quieter shifting, while 
at the same time protecting the system and components 
from high pressure surges. 


A 














Housing 










Unfortunately, the advantages of negative overlapping are of- 
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ten offset by one serious disadvantage. In the example, 
during the crossover period, both ports of the actuator are in- 
terconnected. If the actuator is exposed to an overhung load, 
the directional control, in itself, cannot prevent drift during 
crossover. Since holding pressure can be lost, negatively 
overlapped valves are often used with some type of counter- 
balance or with a pilot operated check valve. 


ZERO SPOOL OVERLAP 


The compromise between positive and negative overlap is 
referred to as zero overlap. With this type of spool, the X, 
dimension is exactly equal to the X, dimension. During 
crossover, pump flow opens to port B at the same time that 
it is disconnected from port A. 


Needless to say, this type of overlapping requires a high 
degree of accuracy in the machining of both the spool and 
the housing. Since it is difficult to manufacture correctly, the 
cost generally limits its use to electronic servo type direc- 
tional controls. 


SYMBOL REPRESENTATION OF 
CROSSOVER CONDITIONS 


The flow path during spool shift can be represented in sym- 
bol form, which will be an aid to you in valve selection. We 
already know that a positively overlapped spool disconnects 
one passage before opening to another. Therefore, the sym- 
bol for a two position 4-way valve can be expanded to in- 
corporate this crossover condition. 





© This crossover condition... 


(4) Likewise, 







(3) before it is Bis 
opened to B. blocked 
Actuator rat fromT... 
Force =$ X q 
before Ais indicates that P is 
connected to T. blocked from A... 





Symbol For A Positively Overlapped 2 Position 
Valve 


Notice that the crossover condition is separated from the 
symbols for the actual flow position by dash lines. This is 
done in order to avoid confusing the symbol with that of a 3 


position closed center spool. The crossover condition for 
two and three position valves with a positive and negative 


SYMBOL 
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SEALING ABILITY OF SLIDING 
SPOOL DIRECTIONAL 
CONTROLS 


Since the spool must slide in the valve housing, there must 
be a clearance fit. To provide this sliding fit, the spool 
diameter must be slightly smaller than the diameter of the 
bore in the valve housing. Because this clearance also 
provides a leakage path, the sliding spool directional control 
never completely seals one port from another. Nevertheless, 
leakage is minimized by holding exact tolerances in three dif- 
ferent areas. Modern machine tools allow valve manufac- 
turers to machine to extremely accurate tolerances on 
clearance, concentricity and spool overlap, all of which in- 
fluence the leakage rate of the valve. 


WHAT IS A MICRON 


To understand the sealing ability of a sliding spool direc- 
tional control, you must first realize the order of magnitude 
with which the spool and bore are dimensioned. In 
measuring diameter and concentricity, the units of microns 
are often used. The micron, a familiar term in connection 
with filtration, is equivalent to a millionth of a meter, or 


overlap are summarized in the chart. 


DESCRIPTION 


Two Position Valve With Positive Overlap 


Two Position Valve With Negative Overlap 


Three Position Closed Center Valve With 
Positive Overlap 


Three Position Tandem Center Valve 
With Negative Overlap 


000039 inches (39 millionths of an inch. The exact con- 
version is: 1 micron equals 39.37008 micro-inches). 


Since the lower limit of visibility with the unaided eye is ap- 
proximately 40 microns, it is difficult to visualize a dimension 
of 1 micron. Some familiar items can, however, be described 
in micron dimensions. For instance, this page is printed on 
paper which is approximately 120 microns thick. Also, if you 
are a normal human being, the hair on your head ranges 
somewhere between 65 and 75 microns in diameter; your 
white blood cells have a diameter of approximately 25 
microns; your red blood cells measure in at about 8 microns. 
We will now consider the dimensional criteria for a standard 
hydraulic directional control valve. 


DIMENSIONS WHICH 
AFFECT LEAKAGE 


For a standard 12 GPM directional control, the nominal 
clearance held in production ranges from 8 to 10 microns. 
When the spool is concentric with the bore, there is a radial 
clearance of 4 to 5 microns between the circumference of the 
spool and the inside bore diameter. Although this clearance 
allows some oil leakage (in an overlapped position), the 
spool land would prohibit even something as small as a 
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hurr an red blood cell from passing from one port to another. 


Actually, the clearance fit of a directional control is nothing 
more than a flow orifice, and, for any particular valve and 
fluicl, the leakage rate is influenced by the orifice size as well 
as by the pressure differential. Since we cannot change the 
prevailing pressure conditions, the orifice size and shape will 


Although the clearance fit of the spool drastically influences 
the leakage characteristics of the valve, it is not the only 
determining factor. For instance, if the two similar valves are 
compared, we find that the clearance between the spool and 
valve housing is 8 microns nominal for both valves. Never- 
theless, when tested for leakage, it has been found that valve 
A leaks considerably more than valve B. 


determine the leakage characteristics of the valve. 





Load Induced Pressure 
2500 PSI 
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Relief Valve Setting 


3000 PSI 
Leakage Orifice 
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Based on the fact that energy cannot be created or destroyed 
(chapter 1), Bemoulli implied that the energy level in a 
hydraulic system is always constant. However, since oil 
moves through the hydraulic system, this energy exists in 
two forms: Kinetic energy and potential energy. Potential 
energy has the potential for doing work and is stored in the 
hydraulic system in the form of pressure. Kinetic energy, on 
the other hand, is energy in motion and is related to the mass 
and velocity of the fluid. 


In a hydraulic system with a constant flow rate, this means 
that for each decrease in pressure (potential energy), there 
must be an increase in fluid velocity (kinetic energy). 
Likewise, when fluid velocity increases, pressure must 
decrease to maintain the constant balance between kinetic 
and potential energy. This, of course, is based on the 
assumption that the system is 100% efficient, and does not 
convert any energy into heat because of friction. 


In actual application, each time the cross-sectional area of 
the fluid conductor changes, there is a change in the velocity 
of the fluid. In tum, changes in the pressure levels occur, 
however, they are not easily detectable. The problem is that 
friction will convert more and more of the potential energy 
(pressure) into heat as the fluid passes through the system. 
This conversion of energy has the tendency to camouflage 
the effects of the Bernoulli principle. 


Nevertheless, velocity changes are prevalent as oil passes 
through spool type directional controls. These velocity 
changes, in turn, unbalance the pressure forces in the valve. 
Consequently, at some maximum flow, the change in fluid 
velocities upsets the pressure balance so drastically that the 
axial forces on the spool, due to flow, are greater than the 
shifting force of the actuator. This ultimately results in 
malfunction of the valve. 


PERFORMANCE DATA FOR 
DIRECTIONAL CONTROLS 


In sizing a directional control for a hydraulic system, one of 
your main concerns should be the pressure and flow in- 
formation which is published in the manufacturer’s technical 
data sheet. This information tells you the amount of pressure 
necessary to push the required flow through the directional 
control, and the maximum flow before valve malfunction at 
the pressure at which the system will be operating. 


As mentioned in Chapter 1, the pressure required to cause a 
flow of fluid through a directional valve creates no useful 
work. For this reason, the loss in pressure shows up as heat 
in the hydraulic system. 


In this typical pressure versus flow graph, pressure drops are 
given for various directions of flow through the valve. It is im- 
portant to understand that when the 4-way valves are used in 
normal installations, there are simultaneous flows through 
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two different passages in the valve. The term “loop-drop” ex- 
presses the total pressure loss for these simultaneous flows. 
For instance, in one position of the valve, there is a 
simultaneous flow from P to A and B to T. If the directional 
control is used with a cylinder having a 2 to 1 ratio, the 
pressure drop can become considerable. 


3) creates 20 
GPM here. 


This flow passage 
induces a pressure 
loss of 60 PSI... 


ra E while (his 


passage 
10 GPM induces a 


loss of 
105 PSI. 


) This is known as a loop-drop of 165 
PSI, all of which is turned into heat. 


Loop-Drop 


A second area of concern is establishing the maximum flow 
at which the selected valve will malfunction. Unfortunately, 
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this value cannot be simply stated as some maximum flow in 
GPM. The maximum flow value is dependent on both the 
pressure at which the valve will operate and the application 
in which the valve is used. As shown in the chart labeled 
“Maximum Performance Data,” the maximum flow value 
decreases as operating pressure increases. Likewise, the 
figures are based on using the directional control in a pure 


4-way function with equivalent simultaneous flows. If the 
valve is used with large rod cylinders or as a 3-way valve (one 
cylinder port plugged), the maximum flow value could be 
considerably lower. If the valve under consideration appears 
marginal for the application, a larger valve should be se- 
lected. 


Maximum Performance Data 
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DIRECT OPERATED VALVES 
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Direct acting valves are those in which the shifting force of 
the actuator works. directly on the valve spool. Up to this 
point, the directional spool valve function has been described 
in terms of some external force being available for 
positioning the spool in the valve housing. Although the 
methods of positioning have been discussed (spring cen- 
tered, spring offset, no spring, and detented), the different 
types of actuators have not yet been covered. A great deal of 
circuit design flexibility is offered by different types of ac- 
tuators. In addition, operator convenience and safety depend 
on the selection of the proper actuator for the intended ap- 
plication. We will now discuss a representative cross section 
of the various actuators available. 


In general, direct operated valve actuators can be classified 
as mechanical, pilot operated or electrical solenoid. In turn, 
each classification can be subdivided into distinctly different 
types of actuators. For instance, if only mechanical actuators 
were considered, a selection could be made from three basic 
types: hand lever, rotary hand knob, and roller cam 
operators. Unfortunately, it would be impractical to discuss 
the intricacies of each type of actuator. For this reason, we 
have selected representatives from each group for discussion 
of operation and application. The subject matter will be 
devoted directly to the actuator itself with the assumption 
that its purpose is to position the spool in the valve housing. 


MECHANICAL ACTUATORS 
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Mechanical actuators are used to interface shifting force 
working on the spool with a mechanical command from the 
machine, or a manual command from the machine operator. 
Manual actuators are intended for mounting at the operator’s 
control station, and, they take the form of a hand lever, 
rotary knob or palm button. On the other hand, mechanical 
operators are intended to operate automatically during the 
machine’s cycle, and they usually take the form of a roller 
cam operator, mounted on the machinery. 


The hand lever actuator is by far the most popular manual 
control. It is one of the few valve actuators which pushes and 
pulls on the spool to achieve the desired spool position. In 
fact, most actuators, other than manual, are only capable of 
pushing on the spool. 


The operational cross section shows a three position, spring 
centered, hand lever actuator. When no force is applied by 
the operator, the spool is centered by the two centering 
springs which position the hand lever in the vertical position. 
As shown in the illustration, when the operator pushes on 
the hand lever, the force passes through the ball pivot joint 
and moves the slide so that the spool is pulled to the left, 
compressing the left hand centering spring. Then, when the 
hand lever is pulled, the slide will push the spool to the right. 


In addition to the spring centered version, the same actuator 
can be used with a two position spring offset spool. In this 
application, a different set of springs would push the spool to 
the far left position, which in turn would position the hand 
lever in the right most position. When the operator pulls on 
the hand lever, the spool will move to the right, compressing 
the offsetting spring. 


A third type of operation, which can only be achieved with a 
push-pull type manual operator, is a three position detent. 
This detent assembly is located in the actuator itself rather 
than on the spool, as has already been discussed for de- 
tented valves with double actuators. Unlike push type ac- 
tuators, the hand lever allows the operator to position the 
spool in any one of the three flow positions. This position is 
then maintained by the detent. 


Mechanically, the detent is achieved by having a spring 
loaded ball position itself in grooves machined on the slide in 


Pull * \ Push 


Hand Lever 






Ball Pivot Joint 


TRR a te ee a 
Katea. OF Agee X SG SEI E A OOO RN Ma he be ht ee 
RSID 77 AA "OL, SSO SO REO P Ga a NI IE BO IO SMI OE HS 
RO. -e 1041] a F a ee a NN ad he GA A AOON 

ee Sipe fe, R rata Sem V NO N NON 

aae Loa. fae a a 6. 6. Y. 5 a a 54A TA 5 A 5 ad AT, 

ot 2 Lin A fe OM ee on ee 
sea a 

eed 
"TATA 

D 


NO 
ee 


pees S| —S | Spring Plates Contact 


Push Pin fete aS i Valve Housing At This 


Point 
Hand Lever Actuator 


the actuator. Needless to say, the slide for a three position achieved by operating the valve with a cam which follows the 
function would have three grooves, while a two position stroke of a cylinder. Time sequenced operation can also be 
detent would have a slide with only two grooves. achieved by operating one or more directional valves with a 
motor driven cam. 

Instead of using manual operation, it is sometimes necessary 

to automate the directional function by allowing the machine An important fact to consider when you deal with cam 
to determine the position of the directional control spool. operated directional controls is that it is relatively difficult to 
Mechanically, this is normally accomplished by positioning achieve a pulling force for positioning the spool. For this 
the spool by means of a cam. Sequential applications can be reason, cam operated valves are usually spring offset to one 
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end position, even if the valve being used is a three position 
valve. In this way, the cam pushes the spool approximately 
half stroke to achieve the center flow conditions, while re- 
verse flow in the third position is achieved when the cam 
pushes the spool full stroke against the spring. 


As shown in the cross-sectional illustration of a three 
position, cam operated directional control, the spool is 
shifted from one position to another in a total stroke of ap- 


Center Position 
P >A P >B 
B >T A >T 
.126” ~« .126” 


Roller 





Maximum Cam Angle 


proximately 1/8 of an inch. Since all three positions must be 
achieved in 1/4” of travel, the cam must be designed and 
manufactured quite accurately. Likewise, since there is no 
allowance for over travel, precautions must be taken, 
especially during set-ups, so that the cam cannot force the 
spool past its fully depressed position. Also, as shown in the 
example, the approach angle of the cam must be limited to 
30° in order to minimize the radial forces on the plunger. 
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PILOT ACTUATORS FOR DIRECT 
OPERATED VALVES 


In many hydraulic circuits, it is desirable to interface the shift- 
ing of a directional control spool with either a pneumatic or 
hydraulic pressure signal. One application which often uses 
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Detent 
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this type of actuator is a hydraulic system which must be 
operated in an explosive atmosphere. In this type of ap- 
plication, it is usually more economical to use a pneumatic or 
hydraulic control. circuit, than an explosion proof electrical 
solenoid control. 


The cross-sectional illustration shows a typical two position 
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the actuator. Needless to say, the slide for a three position achieved by operating the valve with a cam which follows the 
function would have three grooves, while a two position stroke of a cylinder. Time sequenced operation can also be 
detent would have a slide with only two grooves. achieved by operating one or more directional valves with a 
motor driven cam. 

Instead of using manual operation, it is sometimes necessary 

to automate the directional function by allowing the machine An important fact to consider when you deal with cam 
to determine the position of the directional control spool. operated directional controls is that it is relatively difficult to 
Mechanically, this is normally accomplished by positioning achieve a pulling force for positioning the spool. For this 
the spool by means of a cam. Sequential applications can be reason, Cam operated valves are usually spring offset to one 
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detented valve with two opposing pilot actuators. The ac- 
tuator is a push type design, consisting of a housing sealed 
piston and retum spring. As shown, pilot pressure on the 
left-hand actuator pushes the spool to the right, connecting P 
with B and A with tank. Notice that when the spool is moved 
into position, it is held by the ball detent assembly on the left- 
hand side of the valve. Even if pilot pressure is lost in the left 
actuator, the spool will remain in this position until a 
pressure signal activates the opposite actuator. When pilot 
pressure is applied to the right-hand actuator, the spool is 
pushed into its second detented position. The spring return 
in the actuator overcomes the static friction of the piston 
seal, and causes the piston to retract when the pressure 
signal is removed. 


Normally, pilot actuators are not capable of withstanding full 
system pressure. Consequently, the pressure in the control 
circuit must be limited to the pressure rating of the 
pneumatic or hydraulic actuator. The hydraulic actuator, for 
instance, will operate satisfactorily within a range of 60 to 
900 PSI. A similar pneumatic actuator will work in a range of 
60 to 180 PSI. 


The pilot actuators, as shown, require a minimum of 60 PSI 
to assure that there will be sufficient force available for shift- 
ing the spool. The upper pressure limit (180 PSI pneumatic, 
or 900 PSI hydraulic) is simply the maximum pressure rating 
of the piston seal and/or housing. With pneumatics, it is 
sometimes advantageous to operate the directional valve 
within a considerably lower pressure range. This is ac- 
complished by using an actuator with a larger piston area. 
The large piston provides adequate shifting force with a sup- 
ply pressure somewhere between 22 and 90 PSI. 





Low Pressure Pneumatic Actuator 


ELECTRICAL ACTUATORS 


Electric solenoid actuators are by far the most popular of all 
possible actuators for direct operated directional controls. 
Automation has caused a trend toward electrical and away 
from manual or mechanical controls. Automatic or semi- 
automatic control is far more versatile and more easily ac- 
complished with electrical control circuitry. Push buttons, 


relays, limit switches and programmable timers are relatively 
inexpensive electrical components which simplify control cir- 
cuit design. Likewise, compactness, aesthetics, remote con- 
trol, and the ability to intermix manual and automated con- 
trol are all facts in favor of solenoid actuators. 


The solenoid, although simple in principle, is offered in a 
variety of styles. Since different solenoid designs offer dif- 
ferent advantages, depending on the application, we will 
discuss the most popular models. In general, solenoids are 
available for a variety of voltages (and frequencies) in both 
AC and DC versions. Both air gap solenoids and wet pin 
solenoids have application dependent advantages. 


BASIC SOLENOID OPERATION 


Whenever electric current flows through a wire, there is a 
magnetic field created around that wire. This magnetic field, 
although weak when considering a single strand of wire, can 
be concentrated in two ways. Since the shifting force from a 
solenoid is determined by the strength of the magnetic field, 
it is this force which must be optimized. 


First of all, if the wire is wound into a coil, the magnetic field 
becomes much stronger and is generated in a circular shape 
around the coil windings. If the electric current is constant 
through the coil of wire, then the magnetic field is similar to 
that of a bar shaped permanent magnet. Likewise, the higher 
the number of turns, the stronger the magnetic field be- 
comes. 





Magnetic Field Of A Permanent Magnet And An 
Electromagnet 
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Secondly, the magnetic field flows more readily through a 
magnetic material such as iron or steel than it does through 
air. Therefore, the magnetic field can be concentrated by 
adding a “C-frame” of iron around the outside of the coil. 
Now, if a movable iron plunger is placed inside the coil, the 
magnetic field will be more intense when the plunger is in 
such a position that the C-frame and plunger are totally 
within the magnetic field. The magnetic force of the solenoid 
will develop when the coil is energized. This attraction will 
pull the plunger to its point of equilibrium within the magnetic 


field. 


When there is no electric current through 
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Principle Of Basic Solenoid Operation 
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DC SOLENOIDS 


DC electricity, such as found in battery operated electrical 
systems, always has a constant polarity. In other words, 
using a flash light as our example, the electricity flows from 
the negative post of the battery, through the bulb, to the 
positive side of the battery, whenever the switch is in the on 
position. In a DC solenoid, this type of current develops a 
magnetic field which is constant in polarity, or, more 
specifically, has a definite north and south pole. When 
current is applied to a DC solenoid, the north and south 
poles of the C-frame simply attract the south and north poles 
of the plunger respectively. This moves the plunger against 
the push pin in the directional valve, causing the spool to 


shift. 
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Directional Valve 


When you are selecting a DC solenoid, you will discover that 
solenoids are available for virtually any voltage requirement. 
Although the solenoid will function satisfactorily over a 
broad range of voltage fluctuations, you must remember that 
if voltage increases, the current draw will also increase, since 
the windings for a given coil offer a fixed resistance. If the 
voltage is in excess of the solenoid rating, the extra current 
draw will produce heat which will eventually cause the 
solenoid to burn out. On the other hand, if supply voltage is 
below rating, a related loss in current may not create suf- 
ficient magnetic force to cause spool shift in the directional 
valve. 


The DC solenoid, although slower in response when com- 
pared to an equivalent AC model (DC solenoids respond in 
the 50 to 60 ms range), can be cycled up to 15,000 cycles 
per hour without fear of overheating. The DC solenoid is also 
immune to burn-out problems associated with AC models. If 
a stuck spool prevents the solenoid from shifting, it will not 
burn out because of excessive current draw. This is true 


because DC current draw is simply related to the supply 
voltage and to the fixed resistance of the coil. 


T-Bar (Plunger) 
Rubber Bumper 
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C-Frame 


AC SOLENOIDS 


Although the AC solenoid functions in the same basic man- 
ner as the DC model, its magnetic field is influenced by the 
alternating current supply. In the United States, an AC 
solenoid operates on a voltage which alternates its polarity 
from positive through zero to negative at the rate of 60 
cycles per second. (In most European countries, the rate is 
50 cycles per second.) This has the net result of changing the 
polarity of the magnetic field at the same rate. Unfortunately, 
the magnetic force is high only when the AC current is at its 
positive or negative peak. As the current changes from 
positive to negative, or vice-versa, it must pass through a 
neutral point at which there is no current flow. During this 
short period of time, a point is reached at which there is no 
magnetic force. Without this magnetic attraction, the load 
can push the plunger slightly out of equilibrium. Then as the 
current builds up, the magnetism increases and pulls the 
plunger back into position. This movement of the solenoid in 
and out at a high cycle rate creates noise which is commonly 
referred to as “buzz.” 


North Pole 


l + 








Zero 

Magnetism ' 

4 4 / 4 é 
U ` S 


South Pole 


Graphic Representation Of The Magnetic Field At 
Either End Of An AC Coil 
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To eliminate “buzz” and to increase the solenoid’s holding 
power, most AC solenoids incorporate what is known as a 
shading coil. A magnetic field passing through a coil of wire 
induces an electric current in the same way that electric 
current passing through a coil of wire creates a magnetic 
field. The flow of current in the shading coil in tum creates its 
own magnetic field. Due to a phenomenon in AC circuits 
which is called inductance, the current produced in the 
shading coil lags behind the applied current to the coil. When 
the applied current passes through zero in its change from 
one polarity to another, the current, and, thus, the magnetic 
field of the shading coil, is at its maximum. When the 
solenoid is used within its force rating, the magnetic field of 
the shading coil is sufficient in strength to keep the plunger in 
position, thus eliminating the buzz. 





Shading Coils 


CURRENT DRAW FOR AC SOLENOIDS 


If the current draw of a DC solenoid is compared with that of 
an AC model, major differences can be found. In DC 
solenoids, the current which passes through the coil is con- 
stant at a given voltage because the resistance of the coil is 
also constant. With DC solenoids, wire diameter and length 
(number of turns) are the only variables affecting resistance. 
As the voltage is applied to a DC solenoid, the current draw 
builds from zero to the maximum value which can pass 
through the coil. 


AC solenoids, on the other hand, display different charac- 
teristics with respect to current. Impedance is the 
measurement of an AC circuit’s resistance to the flow of 
electricity. With AC solenoids, this impedance is quite low 
when the solenoid is open, and increases as the plunger is 
pulled into the closed position. Consequently, the flow of 
current through an AC solenoid is highest when the solenoid 
is open and has the least resistance to the flow of electricity. 


This high flow of current, when the solenoid is open, is 
referred to as inrush current. The current draw, when the 
solenoid is closed, is referred to as holding current. Un- 
fortunately, the high inrush current generates more heat than 


5-25 





Time (m.s.) 


Inrush 


Typical 120V-60hz AC Solenoid 





Holding 


Time (m.s.) 


Comparison of DC And AC Solenoid Current Draw 


can be continuously dissipated by the solenoid. If the plunger 
is not allowed to close due to a mechanical problem, the in- 
sulation will bum and the coil will short out. Since con- 
tinuous duty AC solenoids can only dissipate the heat which 
is generated by the lower holding current, it is important that 
the plunger always achieves its closed position when the 
solenoid is energized. 


Another problem created by the inrush characteristic of AC 
solenoids is overheating due to excessive cycling of the 
solenoid between the on and off positions. Each time the 
plunger closes, the coil winding is subjected to a high inrush 
current. If these inrush currents come too quickly, the heat 
will generate faster than it can be dissipated. Eventually, this 
will lead to failure of the solenoid. A typical class B AC 
solenoid can be cycled no more than two times per second, 
or 7200 cycles per hour, while class A solenoids are limited 
to approximately 4800 cycles per hour. 


‘To avoid any confusion, it must be mentioned at this point 
that solenoids which are too hot to touch are more than 
likely operating at a perfectly satisfactory temperature. 
NEMA (National Electrical Manufacturers Association) has 
developed standard classifications for wire insulation. Of the 
four classes established by NEMA, wire used in solenoid 
coils is usually either class A or class B. Insulation which falls 
into the class A catagory must be suitable for operating con- 
tinuously at temperatures up to 105° C (221° F). Class B in- 
sulation must be suitable for use up to 130° C (266° F). (The 
other two classes are class F - 155° C (311° F) and class H 
which is 180° C (356° F). The temperatures suitable for 
operation are far above the touchable limit of 120° F to 130° 
F. Normally, solenoids with class B insulation offer superior 
life expectancy and are recommended for all high cycling ap- 
plications. 


FREQUENCY AND AC SOLENOIDS 


The current consumption of an AC coil is influenced by the 
operating frequency. Fortunately, on a worldwide basis, we 
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normally only have to concern ourselves with two different 
frequencies, those being either 50 or 60 cycles. For 
maximum performance, coils can be wound for either a 50 or 
60 cycle operation, but not for both. Now let us examine this 
further. 


A 110V-50hz solenoid, when operating on 110V-60hz, 
draws too little current, and will not produce its rated force. 
On the other hand, a 12OV-60hz coil, when subjected to 
120V-50hz, will comsume too much current, causing it to 
overheat and burn out. If 50hz and 60hz are looked at 
graphically, it is easy to see that a 50 cycle current will last 
longer during each increment of polarity change, but will oc- 
cur less frequently during a 1 second period. 


|-— 60hz — 


— Time 





sonz e 


Because the current at 50hz is of longer duration, a 50 cycle 
coil actually will create, with fewer tums on the coil, a 
magnetic field identical to that of a 60hz model. Since this 
90hz coil has a resistance (impedance) which is fixed by 
physical factors, the only thing which can be done to get the 
same current flow (during the shorter 60hz time period), is to 
increase the voltage. The amount of voltage increase is 
mathematically equivalent to the factor of 60/50 or 6/5. This 
means that in order to obtain the best performance for a 
110V-50hz solenoid, it must operate at 132 volts when 


using 60hz; 


110Vx © =132V 
5 


A 12OV-60hz solenoid, on the other hand, has more turns 
on its coil than does the 50hz model. The longer duration of 
a 50hz current saturates the magnetic field of a 60hz coil. 
This, in turn, lessens the impedance of the AC solenoid, 
which draws excessive current. Nevertheless, the thermal 
overload problem can be eliminated by reducing the applied 
voltage to 5/6 of the solenoid’s rating, hence: 


120V x5 =100V 
6 


This means that the 12OV-60hz solenoid will not overheat if 
operated on 100V-50hz. 


THE SO-CALLED DUAL FREQUENCY COIL 


In the United States, the power companies nominally rate the 
supply voltage at either 120 volts or 240 volts, 60hz. Ninety 
percent of all electrical power outside of the United States is 
nominally rated at 110 volts or 220 volts, 50hz. Nominal is 
emphasized because this is the voltage the power company 
strives to supply at the transformer station. When you con- 
sider that available voltage can fluctuate during a one day 
operating period, depending on the community's demands 
on the generating station, you will understand why the 
voltage available at the solenoid may not always be 120 
volts. Likewise, long wire runs, as found in most industrial 
plants, also play a part in reducing the available voltage at 
the solenoid. Fortunately, most industrial grade solenoids 
will operate satisfactorily within +10% of their rated AC 
voltage. Any fluctuation greater than this cause solenoid 
burn-out for one of two reasons. Overvoltage has the ten- 
dency to drive too much current through the solenoid, 
causing it to overheat, while undervoltage reduces the power 
of the solenoid to the point where it can no longer close. 
This, in turn, causes a continuously high inrush, which also 
burns out the coil windings. If there are solenoids which are 
burning out for no apparent mechanical reason, check the 
line voltage at the solenoid with a good volt meter, or have 
the local power company check the line voltage over a 
specific period with a chart reader. 


Up to this point, we have said that coils should be wound for 
either 50 or 60 cycle operations. We have also indicated that 
voltage fluctuation in the supply from the power company is 
inevitable, but that it is usually kept within acceptable limits. 
For those of you who are familiar with the so-called dual 
frequency solenoid, it may seem that the previous ex- 
planation of frequency requirements was too restrictive. 


Dual frequency coils (50-60hz) are actually wound for 
110V-50hz and then used on valves where their reduced 
performance at 12OV-60hz is adequate for proper valve 
operation. This dual frequency compromise is possible only 
because there is not too great of a difference in power and 
frequency between the 50 cycle and 60 cycle operation, and 
most 50 cycle voltage is 100 volts, while most 60 cycle 
voltage is rated at 120 volts. The previous explanation 
showed that if Europe operated on 11OV-50hz and the U.S. 
operated on 132V-60hz, there would be no need for different 
solenoids. Unfortunately, this compromise does not leave 
the end user much margin of safety for fluctuations in supply 
voltage. In addition, if the 50hz solenoid attains sufficient 
shifting force when operated on 60hz, it will have too much 
force when operated at 50hz. This extra force can actually 
cause the solenoid to hammer itself to pieces. 


10 Pound Solenoid 





Extra Destructive Impact 
Must Be Absorbed Here 


WET PIN SOLENOIDS 





Up to now, we have assumed that our solenoids are ac- 
tuators which are simply bolted to the exterior valve housing. 
Like any of the mechanical or pilot actuators, they work 
against a pushpin which is dynamically sealed against 
leakage of oil from the tank port of the valve. These 
solenoids dissipate heat to the surrounding air and are com- 
monly referred to as air gap solenoids. The wet pin solenoid 
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is slightly different in design since it allows tank port oil to 
communicate between the housing of the valve and the 
housing of the solenoid. This offers several major ad- 
vantages. 


BETTER HEAT DISSIPATION 


Probably the most significant advantage of wet pin solenoids 
is their greater ability to dissipate heat. With AC solenoids, 
the high inrush current creates more and more heat the faster 
the solenoid cycles. However, the faster a wet pin solenoid 
cycles, the more cool oil from the tank port of the directional 
valve is circulated through its housing. The cool oil becomes 
a good heat sink, which absorbs the heat from the solenoid. 
As the oil circulates, the heat is carried into the hydraulic 
system where it can be easily dealt with. 


DYNAMIC PUSHPIN SEAL 
IS ELIMINATED 


The seal method incorporated with wet pin design offers 
several additional advantages. Because the oil flows freely in 
and out of the enclosed solenoid housing, the only sealing 
necessary is the static o-ring seal between the solenoid 
housing and the valve housing. By eliminating the dynamic 


Static Oil Seal Eliminates 
Leakage Problems 
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u-cup or o-ring seal on the pushpin, the leakage problem 
caused by seal wear is completely eliminated. Also, by 
eliminating the pressurized dynamic sealing, the overall 
shifting force is considerably reduced for both the solenoid 
and the return springs. 


QUIET OPERATION 


Quiet operation is another feature of wet pin solenoids. 
Although the clicking of a single solenoid is not all that ob- 
jectionable, noise does become a problem on high cycling 
machines which may incorporate twenty or more directional 
controls. The reason for the quiet operation of wet pin 
solenoids is that the motion of the plunger is dampened by 
the hydraulic oil. As shown in the cross-sectional illustration, 
oil must be displaced for motion of the plunger to occur. The 
plungers are manufactured with axial holes or milled slots 
which provide a path for this oil transfer. Generally speaking, 
the path for oil flow through the plunger is relatively large for 
an AC solenoid, so as to allow the plunger to be pulled into 
position as quickly as possible. This, of course, lessens the 
heat generation by reducing the time during which the 
solenoid will draw a high inrush current. On the other hand, 
DC solenoids have a more restrictive path, which allows for 
extremely smooth valve shift. Typical response times are 20 
to 30 m.s. for a wet pin AC solenoid, and 45 to 70 m.s. for 
DC versions. 


Quiet Operation Due To 
Dampened Plunger 
Movement 





4 AC Solenoid 
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MOISTURE PROBLEMS ELIMINATED 


Water is a common cause for failure of an air gap solenoid. 
In machine tool applications, for instance, cutting oils and 
water-based coolants are often splashed onto the exterior 
surfaces of solenoid operated directional controls and elec- 
trical conduit. Even with properly gasketed solenoids, this 
water will eventually work its way into the solenoid housing. 
Once inside, the water can cause a short circuit of the coil or, 
at the very least, corrosion of the pushpin which will 
mechanically prevent spool shift. In either, failure of the 
solenoid can occur. Since the wet pin solenoid is sealed to 
prevent oil leakage to the exterior of the valve, it also pre- 
vents water from leaking in. Consequently, problems 
associated with corrosion and short circuiting are eliminated. 


SOLENOID LIFE EXPECTANCY 


In the foregoing discussion, we have mentioned several fac- 
tors which can cause premature failure of the solenoid. The 
major problems are summarized as follows: 


— Plunger is mechanically prevented from 
shifting l 

— Excessive cycling 

—Too low or too high supply voltage 

—ỌOperation on the wrong frequency 

—Short circuiting due to moisture 


These variables make it quite difficult to project a life ex- 
pectancy for any given solenoid. For this reason, we offer the 
following laboratory results for comparison of the different 
solenoid types. 


AC Air Gap Solenoids: 5 to 10 million cycles 
DC Air Gap Solenoids: 30 million’ cycles 

AC Wet Pin Solenoids: 15 to 25 million cycles 
DC Wet Pin Solenoids: 40 million* cycles 


SOLENOID ACCESSORIES 


In selecting solenoid operators, there are several options 
which will aid you in troubleshooting and in servicing of the 
valve. Manual overrides, indicator lights, and a variety of 
plug-in connectors are readily available and should be con- 
sidered. 


MANUAL OVERRIDES 


Manual overrides are probably the single most important 


feature available for convenience in troubleshooting a 
hydraulic system. In fact, most solenoids offer the manual 
override as a standard feature. As shown, the manual 
override is located in the end of the solenoid cover, and 
simply provides a mechanical means to apply an external 
shifting force to the plunger in the solenoid. This is an in- 
valuable tool when it is necessary to feel if the solenoid is 
shifting the valve. The manual override can also be used to 
find out whether or not there is any type of mechanical ob- 
struction. In some systems, emergency operation can be ac- 
complished by using the manual override in the event of a 
power failure in the control circuit. Some manual overrides 
are push button type, while others require the use of a small 
screw driver, allen wrench, or welding rod for actuation. 


INDICATOR LIGHTS 





Indicator lights are either incandescent or neon bulbs which 
are wired parallel to the electrical solenoid. They are in- 
tended only to indicate when power is being supplied to the 
solenoid. Indicator lights are helpful in determining whether a 
malfunction has occured because of a valve failure or a 
problem in the electrical control circuit. If the valve is not 
shifting, but the light continues to function, a valve failure is 
indicated. However, if the light is not illuminated, chances 
are that the malfunction has occured in the control circuit. 
During proper operation of the equipment, indicator lights 
can be used to indicate what portion of the cycle the machine 
is in. Indicator lights are usually added to the electrical junc- 
tion box and positioned adjacent to the solenoid with which 
they are connected. 


PLUG-IN CONNECTORS 


The plug-in connector is an optional feature which simplifies 
the replacement of a malfunctioning valve. The valve is 
simply unplugged, removed from its subplate and then 
replaced with an equivalent model. In the past, a single plug 
connection was made to the central electrical box on top of 
the valve body. This, of course, facilitates the replacement of 
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the complete valve, but requires unwiring of the solenoid 
during valve repair. Although this method is still quite 
popular (and will remain so), another type of plug-in con- 
nection is gaining in popularity. 


Today, particularly with wet pin solenoids, it is not un- 
common to see the coil molded into a plastic housing. With 
this design, it is also relatively simple to mold an inexpensive 
male portion of the plug in the same housing. In this way, the 
plug-in connection is individually made to each solenoid on a 
double solenoid valve. Repair can be made simply by un- 
plugging the solenoid and removing it from the valve housing. 





Individual Solenoid Plugs 


MAXIMUM TANK PORT PRESSURE 


In selecting any direct operated directional control, it is very 
important for you to consider the maximum tank port 
pressure. In general, there are two factors which can affect 
the maximum T port pressure rating. First, if the valve is 
operated by any actuator other than a wet pin solenoid, there 
must be a dynamic seal on the pushpin. Hence, the pressure 
rating of this seal becomes the limiting factor. Second, if the 
valve in question is a wet pin solenoid design, the pressure 
rating of its housing will determine the maximum permissible 
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pressure at the valve’s tank port. Needless to say, since these 
housings are usually constructed of molded plastic, the T 
port pressure must be restricted. 


When the directional control is used to perform a pure 
4-way function in a properly designed system, the tank port 
pressure should not exceed 300 to 500 PSI. Under these 
conditions, we would be well within the T port rating of any 
directional control. However, when the directional control is 
used in a series circuit (P port of the second valve connected 
to the T port of the first valve), or to perform a function other 
than its intended 4-way usage, the following points must be 
considered. 


PRESSURE RATINGS OF 
PUSHPIN SEALS 


In general, mechanical, air gap solenoids, or pilot operators 
push the spool into position by working against a pushpin. 
To prevent oil from entering the housing of the actuator, the 
pushpin is dynamically sealed against pressure in the T port 
passage in the valve housing. Either o-ring or u-cup Seals, in- 
stalled in the pin guide bushing, are commonly used to ac- 
complish this seal. 


As this pin moves 


from entering the back and forth... 


housing of this 
actuator. 
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O-RING SEALS 


The o-ring is the major sealing device used in all hydraulic 
components. The o-ring is nothing more than a molded ring 
of snythetic rubber which has a round cross section when in 
its free state. Although generally intended for high pressure 


The o-ring is installed in a machined groove 


in the valve housing... 
© and is slightly 
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(3) when there is no pressure. 


compressed... 
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Static O-Ring Sealing (Dimensions Are Exaggerated) 


static sealing, it can also provide adequate sealing for short 
stroke reciprocating motion at lower operating pressures. 


In static applications (such as those found between the direc- 
tional valve’s housing and its subplate), the seal must only 
provide a leak free seal between the mating surfaces, which 
are rigidly in contact. Since there is virtually no clearance, the 
o-ring is fully contained in the annular groove formed by the 
mating surfaces. Pressure deforms the o-ring equally, 
causing it to fill any imperfections between the two surfaces. 


DYNAMIC O-RING SEAL 


The o-ring has also proven to be effective when used as a 
dynamic seal between close fitting parts which have relative 
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motion. A perfect example is sealing between the pushpin 
and the guide bushing in the directional valves. However, 
o-rings in these applications are subject to failure for two 
reasons: pressure extrusion and friction. 


As shown in the example of dynamic o-ring sealing, both fric- 
tion and pressure extrusion into the clearance fit accelerates 
o-ring wear. The problem is compounded when relative 
motion must occur while the seal is pressurized. For this 
reason, directional valves with dynamic o-ring seals usually 
have two maximum T port pressure ratings. One rating is the 
maximum permissible pressure during valve shift, while the 
second rating indicates the maximum pressure while the 
valve is held in any one of its flow positions. These pressure 
limits are approximately 3000 PSI static and 1000 PSI 
during spool shift. 


Friction Causes The Seal 


op To Wear 





Example Of Dynamic O-Ring Sealing (Clearances Exaggerated) 
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The Lip Self 
Compensates 
For Wear 


Pressure Working From This Direction Cannot Be Sealed 


Cross Section Of A U-Cup Seal 


U-CUP PACKING 


The modern u-cup packing has evolved from the com- 
pression packing, which was one of the first methods used in 
sealing hydraulic systems. The u-cup gets its name from the 
shape of its cross section, which has the shape of a U, or 
sometimes of a V. 


U-cup packings are ideal for sealing parts which move axially 
with one another. Typical examples of their use are rod seals 
for hydraulic cylinders or in pushpin seals for direct operated 
directional controls. As shown in the cross-sectional 
illustration, the u-cup, when installed in a properly dimen- 
sioned groove, is effective for sealing against high pressure, 
but only in one direction. The sealing effectiveness increases 
with increased pressure. 





U-Cup Packing For Direct Operated 
Directional Valves 


When installed in the pin guide bushing of a directional con- 
trol, the flared inner lip of the u-cup contacts the pushpin at 
an angle with a slight preloading. The shape of the seal 
makes it virtually immune to pressure extrusion. Likewise, its 
low friction characteristics provide extremely long seal life, 
and allows the directional valve to be shifted with tank port 
pressures in the range of 2000 to 3000 PSI. 
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PRESSURE RATINGS OF WET PIN 
SOLENOID HOUSING 


Generally speaking, directional valves with wet pin solenoids 
should not be used in series circuits, or in any circuit where T 
port pressure can become excessively high. Although smaller 
directional valves can have T port pressure ratings of up to 
2300 PSI (less effective area), the larger valves are limited to 
a pressure rating of about 1000 PSI. Since these pressure 
ratings are the static pressure limits of the solenoid, the T 
port should never be used in a working line where transient 
pressure spikes could exceed the static pressure limit of the 
solenoid housing. 


SYMBOLS FOR DIRECT 
ACTING VALVE ACTUATORS 


Up to this point, we have discussed the symbol represen- 
tation of spool position and of flow paths. We have also 
mentioned the symbolism used for spring center, three 
position and for spring offset or detented two position 
valves. However, the symbol representation of the various 
valve actuators has not been discussed. The chart which 
follows represents the symbol for the actuators only. It must 
be remembered that the symbols are drawn adjacent to the 
spool symbol, and connected to its left or right-handed side 
(or both sides). You must proceed logically in constructing a 
symbol for a particular valve function. For instance, you 
would not show a hand lever actuator which pushes and 
pulls on the spool on both sides of the spool symbol. 


PT PT 
Hand Lever Actuator Double Solenoid 
Actuators 


Complete Valve Symbol For A Three Position 
Spring Centered Directional Control 





SYMBOL DESCRIPTION 


Mechanical Operation By Means Of: 




























—A Spring 


—A Plunger or Tracer 


— A Roller 


Manual Operation By Means Of: 


—A Hand Lever 
—A Foot Pedal 


—A Push Button (Palm Button) 


—A Manual Actuator Without 
Indication of Control Type 


Pilot Operation By Means Of: 





—A Hydraulic Pilot 


—A Pneumatic Pilot 


Electrical Operation By Means Of: 


—A Push Type Solenoid 


—A Push Pull Solenoid 
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PILOT OPERATED DIRECTIONAL theory, it would be possible to make direct acting valves in 
CONTROLS larger sizes. However, in so doing, the solenoid actuator 


would become excessively large. For this reason, direct 
acting valves are usually used in systems of up to 20 to 25 
GPM. For higher flow systems, pilot operated directional 
controls are used exclusively, because of their more compact 
design. 


BASIC PILOT OPERATION 


As shown in the operational cross section, the pilot operated 
directional control is simply a smaller direct operated valve 
mounted on top of a larger housing. This housing contains a 
spool of larger diameter, which is commonly referred to as a 
slave spool. The single solenoid, two position pilot valve 
directs pressure to the right-hand side of the slave spool, and 
vents the left-hand side to tank when the solenoid is de- 
NFPA DO6 Subplate Mounted Pilot Operated energized. When the pilot valve shifts, pressure conditions 

Directional Control on the ends of the slave spool reverse, which causes the 
spool to move to the right. This, in turn, changes the flow 
path through the main valve housing. 





Because of their design, direct acting valves, as previously 
discussed, are limited in their maximum flow capability. In 







(3) passes through the pilot valve... 
© When this solenoid is de-energized ... 
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It is important to realize that the main spool is hydraulically 
returned to its offset position when the pilot valve returns to 
its spring offset position. The spool is then held in position 
by the pilot pressure whichis dead-headed against the right- 
hand end of the spool. If for some reason, there is a loss of 
pilot pressure, the slave spool could shift due to high flow 
forces. It is also important to mount these valves with the 
spool in a horizontal position. This will prevent the spool 
from shifting because of gravity in the event that pilot 
pressure is lost. 


SPRING OFFSET SLAVE SPOOLS 


For economical reasons, the hydraulically offset slave spool 
is the most common two position pilot operated valve. 
However, for fail-safe applications, or in circuits where pilot 
pressure may be lost during a portion of the cycle, a spring 
offset slave spool option is available. As shown in the cross- 
sectional illustration, this option includes an end cap with a 
large spring cavity. The heavy spring automatically positions 
the slave spool in the offset position, should pilot pressure be 
lost. 
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Two Position Spring Offset, Pilot Operated 
4-Way Valve (Shown De-energized) 


It must be remembered, however, that the spring must be 
compressed when the slave spool is shifted to the opposite 
flow position. This increases the minimum pilot pressure 
requirements two-fold. For example, the minimum pilot 
pressure requirement for a typical two position hydraulically 
offset valve is 75 PSI. However, with the spring offset slave 
spool option, the minimum pilot pressure requirement in- 
creases to 150 PSI. 


G) When this solenoid is energized... 
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(4) reversing the main flow path. 


Two Position Hydraulically Offset, Pilot Operated 4-Way Valve (Shown Energized) 
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DOUBLE SOLENOID TWO POSITION 
PILOT OPERATED VALVES 


In the cross-sectional illustrations, the hydraulically offset or 
spring offset pilot operated directional controls were shown 
to have spring offset pilot valves. For convenience in control 
circuit design, two position main valves are also available 
with double solenoid two position pilots, with or without 
detents. In either of the double solenoid pilots, you must 
remember that the main section is still the same (either 
hydraulically offset or spring offset). The words “double 
solenoid” and “detented” only described the positioning 
method for the pilot valve spool. A complete description of 
these methods of positioning has been discussed previously 
in this chapter. 


THREE POSITION SPRING CENTERED 
SLAVE SPOOLS 


For three position pilot operated directional controls, suf- 
ficient centering force can normally be achieved by using 
relatively heavy centering springs in the end caps of the main 


© When this solenoid is energized ... 
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valve housing. With this design, a three position pilot valve is 
used, which vents both spring cavities to tank in its center 
position. As shown in the cross-sectional illustrations, the 
spring force pushes on the spool until the spring plate bot- 
toms-out on the shoulder in the valve housing. Although the 
centering is shown from only one direction of operation, an 
identical spring force operates from the right-hand side when 
the slave spool is shifted in the opposite direction. The spring 
forces are high enough to center the slave spool against the 
Bernoulli flow forces when the valve is passing its maximum 
rated flow. This, in turn, determines the minimum pilot 
pressure required to shift the slave spool against the cen- 
tering springs. The minimum pilot pressure ranges from 60 
PSI for smaller pilot operated valves to approximately 200 
PSI for the largest spring centered versions. It is important 
that the circuit be designed so that the minimum pilot 
pressure is always provided. 


HYDRAULICALLY CENTERED THREE 
POSITION VALVES 


For the new generation high flow directional controls, and for 
larger pilot operated directional valves (nominal port size 3” 


(2) this three position pilot valve... 
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and above), sufficient centering force cannot always be 
achieved through the use of centering springs. For these 
valves, the necessary higher forces are achieved through 
hydraulic centering. On large valves, the hydraulic centering 
is an integral part of the main valve design. However, on 
smaller valves, which can be ordered with either spring or 
hydraulic centering, the hydraulic centering device is in- 
tegrated into an optional end cap. Two of the most common 
methods of achieving hydraulic centering will now be 
discussed. 


INTEGRAL HYDRAULIC CENTERING 


On large pilot operated directional controls, the hydraulically 
centered spool is an integral part of the basic valve design. 
To understand the operation of any three position 
hydraulically centered valve, it is important that one fact be 
kept in mind: pressure over area is equal to force. Con- 
sequently, the larger of two areas being exposed to equal 
pressure has the higher force. The operation of large direc- 
tional controls is best described in the cross-sectional 
illustrations (Pages 5-38 and 5-39). 


OPTIONAL HYDRAULIC CENTERING DEVICE 


The new generation high flow directional controls are of a 
compact design, capable of handling extremely high flow 
rates. Because of their compact nature, the centering springs 
cannot be made strong enough to center the valve when it is 
used at its maximum flow rate. To center the valve, and to 
keep the minimum pilot pressure requirements within 
reasonable limits, a hydraulic centering device can be or- 
dered to replace the spring centering function. 


As shown in the cross-sectional (Page5-40) the hydraulic 
centering device consists of a larger end cap which contains 
a two piece piston assembly. The inside piston has an ef- 
fective area, A,, which is less than the effective area, A,, of 
the spool. On the other hand, the sum area of the inner 
piston and of the outside sleeve, area A;, is greater than the 
effective area, A, of the spool. For proper operation, the cen- 
tering device is used with a three position pilot valve which 
pressurizes both end cap chambers when it is centered. 


With both ends pressurized, the small inner piston cannot 
shift the spool out of center position (to the right), because 
the right-hand area of the spool, A,, is exposed to an equal 


When both solenoids are 
de-energized... 
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a) When the solenoid is energized... 






(2) pilot pressure is connected to 
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6) which causes it to move to the left. 





Centering Bushing 


(2) The center condition of tais spool... 












@ When the solenoid is de-energized ... 
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Pilot Operated Valve With Internal Pilot and Internal Drain 


configuration. The second view shows the internal pilot and 
internal drain variation. Of course, the other two possibilities 
are internal pilot, external drain (which is quite popular), and 
external pilot, internal drain. 


The method of conversion shown in the cross-sectional 
illustrations is a relatively modern technique. Access to the 
pilot spool is simply achieved by removal of the end cap on 
the X port side of the valve. Also, to gain access to the in- 
ternal plug for internal/external drain conversion, the pilot 
valve is simply removed. 


Another method of converting from one type of piloting (or 
draining) to the other is by installing pipe plugs internally in 
the main valve housing. A larger external pipe plug is used to 
allow access to these internal plugs. 


The two plug method of conversion has always been an ac- 
ceptable method for making the internal/external drain con- 
version. Many times, however, it has proven to be un- 
satisfactory for making the X port conversion. The problem 
is that the internal plug is exposed to pressure on both sides 
when the valve is in operation. When the pipe plug is 
pressurized from its top side, the tapered threads are forced 
together as the plug is pushed into the taper. Eventually, this 
makes removal of the internal plug difficult, if not impossible. 
This is generally not a problem in the Y drain conversion 
since pressures are relatively low. 
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For Internal Pilot Drain, Plug 1/16” NPTF 
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Two Plug Method of Converting Internal Pilot 
Drain Conversion 


(Note: Cross Section Is An End View 
Of The Main Valve Housing) 
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Typical Location of Access Plugs Under 
Pilot Valve 


One last precaution when you are installing internal plugs, is 
to select and use thread sealant with caution, or better still, 
avoid it entirely. First, any sealant which is not confined by 
the thread will be washed away and will contaminate the 
system. Second, some sealants form a bond which will 
aggravate the problem of future plug removal. 
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ASSURING MINIMUM 
PILOT PRESSURE 


In designing a system, sufficient pilot pressure must exist 
during the portion of the cycle when the pilot operated direc- 
tional valve is required to shift and to remain shifted. This 
means that sufficient pilot pressure must be supplied to the 
X port for an externally piloted valve, or at the main P port 
for internally piloted valves. Unfortunately, this is often 
overlooked in the initial system design stage. This is par- 
ticularly true of designs with internal piloting and an open or 
tandem center slave spool. 


In a internal pilot design, there must always be a resistance 
to flow entering the P port of the valve. If there is no re- 
sistance to flow, there is no pilot pressure, and the valve will 
not shift. The examples which follow show a three position 
valve with a fully open center spool, and a two position valve 
with an open center cross-over. In the first example, it is easy 
to see that the pump freely circulates flow to tank in the cen- 
ter position. This means that the valve, as shown, cannot be 
shifted out of its center position. However, the same slave 
spool assembled without springs, with a two position spring 
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Three Position Spring Center Valve With Open Center Slave Spool And Internal Pilot 
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(3) When this solenoid is energized .. . 
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When the spool is in its 
offset position... 


(6) all pressure is lost to tank... 


2 Position Valve With Internal Pilot And Open Center Crossover 


offset pilot valve, is a less obvious example. In the hydraulic 


offset position of the slave spool, it is evident that the 
pressure to which the pilot valve is exposed will be equivalent 
to that induced by the load. If the load pressure exceeds the 
minimum pilot pressure of the valve when the pilot valve 
shifts, the slave spool will begin to move. However, the 
moment it is moved into the crossover position, all ports will 
be communicated to tank, and pilot pressure will be lost. The 
net result will be that the slave spool will stall when it reaches 
its open center crossover position, and it never will reach its 
shifted position. Consequently, if resistance to flow at the 
valve’s inlet can be lost, some means of assuring a positive 
pilot pressure must be provided. This is normally ac- 
complished in one of two ways for internally piloted direc- 
tional controls. 





cartridge is supplied with a cracking pressure equivalent to 


BACK PRESSURE T PORT CHECK VALVES the minimum pilot pressure requirements of the directional 


valve (see Chapter 4 for a complete description of cracking 
pressure). With the back pressure check valve installed in the 


Over the years, the common method of assuring minimum tank port cavity, pump flow is circulated to tank at the 
pilot pressure with open center spools has been the in- pressure required to open the check valve poppet. The P port 
stallation of a back pressure check valve cartridge in the tank of the pilot valve is exposed to this back pressure, and it is 
port of the main directional valve housing. This check valve sufficient to pilot the slave spool into its shifted position (s). 
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(4) If the pilot valve is externally drained ... 


Pilot Operated Valve With Back Pressure T Port Check Valve Must Be Externally Drained 


When you use a back pressure check, be sure the pilot 
operated directional valve is externally drained. If the valve 
were to be internally drained, the pressure at the T port of 
the pilot valve would be equal to the pressure at the P port. 
When the pilot valve shifted in an attempt to move the slave 
spool, both ends of the spool would be equally exposed to 
the back pressure. Since the shifting force would be bal- 
anced, the slave spool would not move. 


P PORT SEQUENCE VALVES 


Modern coring techniques have recently allowed valve 
manufacturers to cast valve housings with intricate internal 
passages. For this reason, it is now possible to supply direc- 
tional controls with P port sequence valves for maintaining 
minimum pilot pressure requirements. The advantage of 
maintaining pilot pressure with a P port sequence cartridge is 
that a directional valve with internal pilot and open or tan- 
dem center spools can also be internally drained. In many ap- 
plications, this eliminates the need for piping a separate drain 
line. The cross-sectional illustration shows the installation of 


this cartridge P port sequence (page5-46). 


SERIES CIRCUITS AND INTERNAL 
PILOTING 


When only one valve is to be operated at a time, two or more 
valves can be supplied from a single pump, if they are piped 
in a series circuit. A series circuit is piped so that the 
pressure port of the second valve is piped to the tank port of 
the first. The third valve’s P port is connected to the T port of 
the second valve, and so on. This method of piping should 
continue until the last valve in the series is reached. The las: 
valve will then have its tank port connected to the reservoir. 
All valves in the series circuit use a tandem center spool, so 
that when they are centered, the pump will circulate its out- 
put to tank by freely flowing through the center of each direc- 
tional valve. A two valve series circuit would be drawn as 
follows shown on page 5-47. 
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spring 


Section A-A 


A major concern in selecting directional valves for a series 
circuit is that they must be large enough to pass the required 
flow with little pressure loss. Since resistances in series are 
additive, the sum of the individual pressure drops dictates 
the pressure at the outlet of the pump when the circuit is cir- 
culating flow to tank. Remember, this pressure at the rated 
flow converts into heat. For this reason, it is not desirable 
(nor is it necessary) to use a pilot pressure insert in each of 
the valves. If, for instance, we had ten valves in series, each 
with its own 65 PSI pressure insert, the circulating pressure 
at the pump would be a minimum of 650 PSI. This is, of 
course, unnecessarily high. 


All that need be done to maintain pilot pressure for all valves 
in the series circuit is to place a pressure insert in the last 
valve in the series (this valve can be either a P port sequence 
or a T port back pressure check). As shown in the circuit 
illustration, the back pressure which is generated is main- 
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Pilot Operated Valves With P Port Sequence 
Valves For Maintaining Pilot Pressure Can Be 


Internally Drained 


tained throughout the system (upstream of the back pressure 
valve) at a pressure equivalent to the cracking pressure of the 
cartridge insert. Since the pressure at both the P port and T 
port is equal for all valves in the series circuit, they must be 
externally drained. 


MAXIMUM PILOT PRESSURE LIMITS 


In using a pilot operated directional valve in a high pressure 
circuit, the maximum pilot pressure must sometimes be 
limited. In general, the end caps of the main valve housing 
have a relatively large area exposed to pilot pressure. 
Likewise, these end caps are usually attached to the valve 
body with only 4 mounting bolts. Since the large area 
represents a high force at high pressure, this pilot pressure 
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Two Valve Series Circuit With Internally Piloted Directional Valves 


must be limited to prevent over stressing the mounting bolts. 
Although the maximum pilot pressure must be checked for 
the actual design selected, a typical example would be a 


5000 PSI valve with a maximum pilot pressure rating of 
3500 PSI. 


To avoid over pressurizing the pilot circuit, a pressure 
reducing valve sandwich can be used between the pilot valve 
and the main valve housing. The reducing valve is a P port 
reducing valve which takes the high internal pilot pressure 
supply and reduces it to a level which is acceptable for the 
pilot circuit (see Chapter 2 for a complete explanation of 
sandwich type pressure reducing valves). For some pilot 
operated directional valves, a non-adjustable, fixed ratio 
reducing valve sandwich is available as an optional feature 
for the valve. 


MAXIMUM T PORT PRESSURE 


Since pressure in the main valve’s tank port can also 


pressure the end caps (by leakage across the end spool 
lands), maximum.T port pressure must also be limited. For 
externally drained valves, this pressure limit is generally the 
same as the maximum pilot pressure limit. On the other 
hand, if the valve is internally drained, the pressure limit is 
determined by the maximum T port rating of the pilot valve. 
This should always be taken into account, especially if the 
directional valves are to be used in a series circuit. 


RESPONSE TIME FOR PILOT 
OPERATED DIRECTIONAL CONTROLS 


The overall response time for a pilot operated directional 
valve is the time period between the energizing of the 
solenoid, and the attainment of the fully shifted position by 
the slave spool. In general, the total response time is the sum 
of the time of the pilot valve’s response, and the time 
required to displace the volume of oil needed to shift the 
slave spool. Consequently, the overall response time is 
dependent on the flow and pressure potential at the P port of 
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the pilot valve. A typical 3/4” valve with an AC solenoid pilot 
shifts from center to end position in 40 m.s. at 700 PSI pilot 
pressure, with the time period dropping to 25 m.s. at 3000 
PSI. However, for most.applications, this time period is too 
fast for smooth system operation. 


When flows in excess of 25 GPM are being handled at a 
relatively high pressure, the decompression shock at the time 
of valve shift has an important influence on smooth system 
operation. On valves designed to handle large flows, the 
“metering-notches,” as discussed earlier in this chapter, 
become a major design consideration. However, even if the 
slave spool is notched sufficiently, shifting too fast may not 
allow enough time for pressure equalization to occur (see 
“Metering Notches’”). 


In general, there are two accessories available for pilot 
operated directional valves, both of which slow down the 
shifting speed of the slave spool. This, in turn, tunes out the 
“water-hammer” associated with fast response. 


NON-ADJUSTABLE PILOT ORIFICES 





ore 


P Port Of Pilot Valve 


— Pilot Orifice 


gs es Main Valve 
4 Housing 


Pilot Oil Supply 


The simplest and most inexpensive method to lower the 
response time of the pilot operated directional control is to 
install a non-adjustable orifice in the P port of the pilot valve. 
This causes a meter-in flow control function, which slows the 
shifting of the slave spool equally in both directions. In 
general, a number of different orifice diameters are available 
to meet the need of various system requirements. Un- 
fortunately, selection of the proper orifice requires some ex- 
perience with the system, and may require some initial ex- 
perimentation with different orifices. 


SANDWICH MOUNTED FLOW CONTROLS 


Another method of slowing the response time of the slave 
spool is to simply mount a sandwich type dual flow control 
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between the main valve and the pilot (see Chapter 3). The 
flow control is usually mounted in a meter-out orientation 
and allows independent shifting speed adjustment for both 
directions of spool shift. If the flow from the end caps is suf- 
ficiently restricted, this type of speed control not only 
eliminates “water-hammer,” but it also allows for an ad- 
justment of acceleration or deceleration for the actuator. 


The adjustment adjacent to note 8 in the drawing influences 
the speed of the slave spool whenever it moves to the right. 
In effect, this controls both the time period required for the 
spring to return the spool to its center position, and the time 
required for pilot pressure to move the spool to its right-hand 
shifted position. Since the setting can be optimum for only 
one mode of operation, this adjustment must be a com- 
promise. On the other hand, if you want only to control the 
shifting speed from center to either end position, the cen- 
tering spring will center the spool at maximum speed (ap- 
proximately 50-60 m.s.) if the flow control is mounted in the 
“meter-in” orientation. 


One last consideration when you use the sandwich flow con- 
trol to control shifting time is that severe restriction of the 
pilot flow will show up as a dwell period when energization of 
the solenoid causes no initial actuator response. The reason 
for this is that the severely restricted flow causes the slave 
spool to move slowly through its overlap. This time delay can 
be undesirably long, if the adjustment is not set properly. 


STROKE LIMITER AND SPOOL 
POSITION INDICATORS 


Early in this chapter (in our discussion of “Maximum Flow 
Rate for Directional Controls”), we showed how spool 
diameter and spool stroke affect the final maximum flow 
area in a shifted position. Consequently, a crude, but ad- 
justable, flow control function can be achieved by in- 
corporating an adjustable stroke limited on the slave spool. 
Although this flow control setting is not very sensitive, it can 
provide adequate speed control for many applications in one 
compact package. If speed control is required for both direc- 
tions of actuator motion, both end caps can be replaced with 
stroke limiter covers. However, if speed control is desired 
only in one direction of operation, a spool position indicator 
can be installed in the opposite end cap. This facilitates the 
setting of the flow control by giving the operator a visual 
reference. Since most stroke limiters incorporate a static o- 
ring seal, adjustment should not be attempted while the end 
cap is pressurized. 


HYDRAULICALLY OPERATED 
VALVES 


Our discussion of pilot operated directional control has im- 
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6) which causes these flow 
areas to open gradually. 


The motor accelerates in this 
direction... 


plied that the pilot valve always has solenoid actuators. 
However, it is not uncommon to replace the solenoid ac- 
tuated pilot valve with one which has manual, mechanical or 
pneumatic operators. Notice that we have eliminated 
hydraulic actuators from the list. 


If the method of operation is to be hydraulic, it would be 
repetitious to have a hydraulically piloted pilot valve 
operating a hydraulically piloted slave spool. Fortunately, a 
simple cover plate will allow us to hydraulically pilot the slave 
spool directly. 


As shown in the cross-sectional illustration, the cover simply 
interconnects the X port with one spool end, while con- 
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necting the Y port to the opposite side. The remote pilot con- 
nections are simply made through the X and Y ports in the 
subplate of the main valve. The slave spool can be 
hydraulically offset, spring offset, spring centered or 


SYMBOL FOR PILOT OPERATED 
DIRECTIONAL CONTROLS 


The pilot operated directional valve symbol, in its complete 
form, is a composite of two direct acting valve symbols. 
Needless to say, one symbol represents the pilot valve, while 
the second represents the slave spool’s flow configuration. 






Simplified Symbol 


Two Position Valves 


| Two Position Hydraulically Offset Slave Spool 


Two Postion Spring Offset Slave Spool With 
| Spring Offset Single Solenoid Pilot 


Two Position H 
With Double Solenoid Two Position Pilot 


hydraulically centered. Shifting speed can be adjusted by 
using a sandwich flow control between the main valve 
housing and the cover plate. 


Complete symbols, as used in our example of series circuits, 
are seldom used. Consequently, we will concentrate on the 
simplified versions. 









Descriptions 










With Spring Offset Single Solenoid Pilot Valve 























ydraulically Offset Slave Spool 





Two Position Hydraulically Offset Slave Spool 
| With Double Solenoid Detented Pilot 
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Three Position Valves (Only Closed Center Conditions Are Shown) 


Symbol 


APPLICATIONS FOR SPOOL 
TYPE DIRECTIONAL CONTROLS 


In industrial applications, the type of directional control, its 
size, and the number of valves required are dictated by the 
work function(s) to be performed. Early in this chapter, we 
discussed two position valves and their intended ap- 
plications. We have also shown that three position valves are 
quite popular, since you can obtain any required combination 
of flow paths when the valve is in the center position. Now 
that we have described the individual valve functions and 
their limitations, you should be able to develop any number 
of unique circuit applications. 


Throughout this book, we have given examples of directional 
valve applications. For instance, Chapter 2 describes how 
the directional valve, when used in conjunction with a pilot 
operated relief valve, can provide system unloading and 
multiple pressure selection. We have also shown how the 
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Description 


Three Position Spring Center Slave Spool 


Same As Above With Meter-Out Pilot Choke 
Adjustment 


Hydraulically Centered Three Position Slave 
Spool 





center position of the directional valve influences the braking 
ability of a counterbalance valve, and why it is necessary to 
incorporate port or cross port reliefs when using directional 
valves which block the actuator ports. Again, in Chapter 4, 
we have shown that the operating characteristics of a pilot 
operated check valve demand the selection of the proper 
directional valve center position. 


In this chapter, we have outlined the flow paths made 
available by differently machined spools. We have discussed 
float center and regenerative center spool applications as 
pilots for spring centered and pressure centered pilot 
operated directional controls, respectively. We have also 
outlined the conditions for pilot operated, tandem center 
spool valves in series circuits. Since it would be impractical 
to cover the multitude of application examples possible 
for various spool types, the examples here will outline only a 
few of the less obvious applications and the associated 
complications. 


PARALLEL CIRCUITS 


When two or more directional valves are piped with a com- 
mon pressure source (and tank return), they are said to be 
piped “in parallel.” In selecting the directional valves for use 
in parallel circuits, you must remember that three position 
valve spools must block their pressure port in the center 
spool position. In addition, two position valves can be used 
in parallel circuits only if they are to control the direction of a 
cylinder which will “bottom-out.” If these two points are not 
observed, the pump flow will simply take the path of least 
resistance. This path could be free flow to tank over the cen- 
ter position of an incorrectly selected three position valve. 
On the other hand, if a hydraulic motor has little or no load 
and is being controlled by a two position directional valve, it 
would be impossible to build pressure in the rest of the 
parallel circuit. A typical example of a two valve parallel cir- 
cuit is shown in the following illustration. 


In this circuit, the solenoid vented relief valve unloads the 
pump to tank whenever the actuators are not in operation. 
Its solenoid is electrically interlocked with solenoids one, two 
and three on the directional valves, so that it is energized 


Cylinder A 


Check Valve A 


E 
X 


whenever one of the other three solenoids are actuated. Let 
us assume the machine cycle is as follows: 


Solenoid 3 is actuated first, which causes cylinder B to 
“clamp” a work piece into position. Solenoid three remains 
energized, while solenoid 1 is actuated to extend the “punch” 
cylinder A. After punching is complete, solenoid 1 is de- 
energized, and cylinder A retracts. After full retraction of 
cylinder A, solenoid two is energized to unclamp the work 
piece. De-energization of solenoid 2 completes the cycle, and 
the solenoid relief vents pump flow to tank. Cylinder B is 
controlled by a “float center” spool so that the cylinder can be 
positioned manually during machine set up. 


You will notice that both directional valves in this circuit 
have P port check valves. Check valve A holds cylinder A in 
its retracted position when the relief valve is vented. Check 
valve B is required to maintain clamping force while cylinder 
A is travelling through free air. It should be noted that the P 
port pressure insert for pilot operated valves can also be 
used as a P port check valve in this type of circuit. In parallel 
circuits, the P port check valve is not necessary for main- 
taining pilot pressure, since the main valve cannot be open 
center. It does, however, offer a compact and economical 
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Check Valve B 








Circuit Schematic Of Two Valves In Parallel 
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alternative to piping a separate line mounted check valve. 


REGENERATIVE CIRCUITS 


In hydraulics, the word “regeneration” means using the flow 
of oil from the rod end of a single rod, double acting cylinder 
to supplement the pump flow being supplied to the blind end 
of the cylinder. Regeneration increases the speed at which 
the cylinder extends, and can be used in place of a larger 
pump. In general, regenerative circuits work best when the 
cylinder area ratio is close to 2:1. Although the regeneration 
principle can be made to work with small rod cylinders, it is 
evident that these cylinders, when used in a regenerative cir- 
cuit, advance quite rapidly, but with very little force. 
Likewise, a small pump will extend the cylinder quickly, but 
may be too small to obtain satisfactory retraction speeds. 
Consequently, a 2:1 area ratio cylinder is generally used to 
optimize both speed and force. A typical example will now 
be examined. 


One of the simplest methods of regeneration is achieved by 
using a two position 3-way directional valve. As shown, 
when the solenoid is de-energized, pump flow is connected 
to the rod end of the cylinder, while the blind end is con- 


nected to tank. The cylinder will retract at the rate of: 
(formulas are explained in Chapter 1). 


GPM x231 _ 5x231 
A 5.5 


V= = 210 in./min. 


However, during retraction,. the directional valve must also 
be large enough to handle the flow from the blind end of the 
cylinder, which is: 


12.56x210 —11.42GPM 
231 


GPM-AV 
231 


When the solenoid is energized, pump flow is simultaneously 
directed to both ends of the cylinder. However, because the 
blind end of the cylinder has the larger area, it also has the 
larger force at equal pressure. The cylinder will extend, 
creating a flow of oil from the rod end port. Due to the piping, 
the rod end oil supplements the pump flow and passes 
through the directional valve to the blind end of the cylinder. 
Consequently, the directional valve must be capable of 
handling this combined flow. Although, at first glance, the 
flow calculations may appear to be complicated, using a 
logical approach will make the calculation of flow quite sim- 


d G Borex 3’ @ Rod 





Rod End Piston 
Area 
5 in? 


3000 PSI 
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Blind End Area 
12.56 in? 


ple. 


Since no oil is lost as the cylinder extends, the oil which is 
forced out of the rod end can be thought of as filling an 
equivalent volume on the blind end. This means that the ex- 
tra volume on the blind end side must be supplied by the 
pump. Geometrically, this volume is equivalent to that which 
is displaced by the rod. During regeneration, the cylinder 
bore has nothing to do with the cylinder speed, thus we can 
think of the cylinder as having a rod without a piston. Con- 
sequently, the cylinder extends at the rate of: 


V =GPM x 231- 5x231 = 163.59 in./min. 
A (rod) 7.06 


Now that we know the velocity at which the cylinder ex- 
tends, we can also calculate flow coming from its rod end. 


GPM = A xV =5.5 x 163.59- 3.89 GPM 
231 231 


Consequently, the directional valve must handle the com- 
bined flow of 8.89 GPM (3.89 GPM + 5 GPM). Without a 
doubt, this is a relatively small valve, and is in proportion to 
other components in the system. However, if you go through 
the calculation using a 4” @ bore x 1” rod cylinder with the 
Same pump, plumbing and valve size must become con- 
siderably larger. The calculated solution to the cylinder’s 
velocity is 1471 in./min., with a combined flow of 80 GPM! 
To achieve a 30 F.P.S. oil velocity, the nominal port size 
would be approximately 1” diameter. On the other hand, in 
the regenerative circuit with the 4” bore x 3” rod cylinder, the 
line size and valve could be as small as 3/8”. 


In regenerative circuits, the increase in speed is accompanied 
by a decrease in maximum output force capability of the 
cylinder during the regeneration portion of the cycle. 
Pressure only works on the effective area of the rod during 
regeneration. Consequently, regeneration is normally used 
only to move the cylinder to the work quickly. When the 
working position is reached, the circuit vents the rod end of 
the cylinder to tank so that fuel tonnage can be developed. 
Some of the directional valves which can be used to ac. 
complish this function will be looked at. 


REGENERATIVE CENTER SPOOL 


The regenerative center valve spool produces three cylinder 
functions: regenerative forward, slow speed forward, and 
retract. In reference to the schematic illustration, the cylinder 
extends during regeneration when the valve is in its center 
position. When the valve is shifted to the left, slow speed and 
full tonnage result because the rod end of the cylinder is con- 
nected to tank. Likewise, when the valve is shifted to the 
right, the cylinder will retract. 


LJ 


This spool type is generally used only in high cycling ap- 
plications, and where the cylinder does not have to be 
stopped in midposition. It should be noted that the cylinder 
will only remain retracted if the left solenoid remains 
energized. Likewise, the pump flow cannot be unloaded by 
the directional valve. 


SPOOL WITH REGENERATIVE END POSITION 


The spool with a regenerative end advances the cylinder in 
regeneration when the right-hand solenoid is energized, and 
retracts the cylinder in the conventional manner, when the 
left-hand solenoid is actuated. The advantage that this spool 
offers is that the cylinder can be stopped in midstroke, since 
the valve has a closed center configuration. However, this 
spool alone cannot be used to advance the cylinder under full 
tonnage. The slow speed full tonnage cycle can only be ac- 
complished if a second two position 4-way valve is added to 
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In this circuit, when solenoid 3 is not actuated, the cylinder 
will extend in regeneration when solenoid 2 is energized. 
Likewise, when only solenoid 1 is actuated, the cylinder will 
retract. Full tonnage, however, is developed in the slow 
speed mode when solenoids 2 and 3 are simultaneously 


is larger than the 392 Ibs. 
of force due to pressure 


here. 
6) The cylinder 





since 706 lbs. of 
force due to 





pressure here ... extends... 







energized. Of course, de-energization of all solenoids stops 





the cylinder in any position. — 

| |} 683° Bore 
This circuit can be automated by energizing solenoid 3 by x 
means of either a pressure switch or a limit switch. The 2” Rod 
pressure switch would be connected to the blind end side of E 
the cylinder, and would automatically put the circuit into full r the pressure 
tonnage when the predetermined load induced pressure has (4) and here. is exposed 
been reached. If the pressure switch were set properly, this equally 
changeover would occur just before the load resistance here... 
caused the cylinder to stall in regeneration. If load induced 
pressure fell below the adjustable differential of the pressure 
switch (see Chapter 8), the cylinder would automatically grdi this (D creates a 100 PSI 





return to high speed regeneration. On the other hand, a limit 
switch can be used simply to take the cylinder out of 
regeneration at a preselected stroke. 


centered... back pressure... 


There are many other methods available for accomplishing a 
regenerative circuit. However, for the purposes of this chap- 
ter, we only intend to discuss the use of directional valves, 


which are designed specifically for this purpose. From Pump 


be used at extremely high pressures, even with low viscosity 
fluids. In fact, by manufacturing the component parts from 
stainless steel, the basic design can be used with pure water 
at operating pressures up to 7000 PSI. However, before 
proceeding to the actual valve construction and operation, 
we would like to point out a few basic differences between 
mineral oil and water hydraulics. 


TANK PRESSURE AND 
OPEN CENTER SPOOLS 


In a single valve circuit, the fully open center spool can be 
used to allow the actuator to “float”, while, at the same time, 
it unloads the pump flow to tank. In other words, the func- 
tions of a float center and tandem center spool are com- 
bined. Although this spool works well with hydraulic motors, 
you must be careful in applying it to a single rod cylinder with 
differential areas. Likewise, the open center spool should 
never be used to replace a tandem center spool in a “series” 
circuit. 


Examples Where Leak Free Directional Control 
Is Required 


In the circuit shown, the open center valve back pressures 
both ends of the single rod cylinder. If the cylinder has little 
or no load, it will extend because the forces, due to pressure, 
are unbalanced. In the example, the cylinder would extend 
with a force potential of only 314 lbs. However, higher back 
pressure or larger differential areas in the cylinder could 
make this extension force considerably higher. 





POPPET STYLE DIRECTIONAL 
CONTROLS 


Fork Lift Truck 
It is possible to apply the poppet style directional control 


whenever a leak free directional function is required. 
Likewise, because of its leak free sealing capabilities, it can 
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Fairground Carousels 


WATER OR OIL HYDRAULICS? 


The 1970's will be known as an era which evoked a need for 
change in industrial hydraulic systems. Oil hydraulics, a time 
proven method of power transmission, is becoming re- 
stricted in some areas of application for either economic or 
ecological reasons. Although oil hydraulics will maintain a 
strong foothold in the future of hydraulics, many manufac- 
tures are researching new component designs which are 
suitable for use in pure water hydraulic systems. 


The poppet style directional control, as will be covered in this 
section, proves to be an economical and compact com- 
ponent for use with either oil or water. However, dynamic 
component designs for pressure control or pumping func- 
tions are more difficult to achieve. With these components, 
either the lack of lubrication or the inability to seal 


pressurized water with a close tolerance fit is a problem 
which has not yet been overcome. Although high pressure 
water pumps are available today, they are 10 times the size 
of an equivalent oil hydraulics pump. The advent of pure 
water hydraulics will not be possible until component designs 
and materials are developed to overcome these problems 
compactly and economically. 


To further understand the sealing of pressurized water with 
close tolerance fits, consider the following facts. First, if a 
typical mineral oil were to be chosen, it would have a 
viscosity of 150 SUS at 100° F. On the other hand, water at 
100° F. has a viscosity which approaches 0 SUS. If we were 
to take the two fluids and try to hold pressure with a spool 
type directional control, the leakage rate with water would be 
approximately 40 times higher than it would be with oil. This 
clearly limits the application of spool valves in water 
hydraulic systems. 


A second problem created for the spool design by the low 
viscosity of water is that high fluid velocity, out of necessity, 
accompanies the high leakage rate. This high velocity fluid 
quickly erodes the close fitting metal surfaces. In hydraulics, 
this erosion process is referred to as “wire drawing,” most 
likely because of the appearance of the eroded surface. The 
quick deterioration of the metal surfaces produces a valve 
which can soon leak the entire output flow of the pump. 


On the other hand, the advantages offered by water 
hydraulics cannot be discounted. For instance, with a typical 
mineral oil, as the temperature is raised from 32° F to 
212° F, the viscosity changes from 3300 SUS to 46 SUS. 
This causes the system to react sluggishly at start-up, in- 
creasing its speed as temperatures warm up. Water’s viscosity 
remains constant between 32° F and 212° F. This means 
that a water hydraulic system is virtually immune to fluc- 
tuation in speed because of temperature changes. 


Apart from their technical or environmental advantages, 
water systems are also desirable where fire resistance is 
necessary. Typical examples are hot rolling mills, forging and 
extrusion presses, continuous casting machines, and furnace 
door applications. Other examples are machines on which 
the products being manufactured are inflammable, such as 
particle board presses, rubber vulcanizing presses and 
plastic injection molding machines. 


BASIC POPPET VALVE DESCRIPTION 


With a simple change in materials, the basic valve can be 
used for oil, oil-in-water emulsions, and water glycols. When 
the valve is to be used with mineral oil, the construction 
materials are steel functional parts with cast iron housings. 
For water glycols and oil-in-water emulsions, the housings 
are manufactured from steel, while the functional pieces are 
made of stainless steel. Valves for pure water usage use 
stainless steel materials throughout. Since poppets, seats 
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This is commonly referred to as “wire (2) quickly deteriorates the sealing surfaces... 
drawing.” 


BASIC OPERATION 


Mechanical Lever 






Ball Poppet 


Solenoid 





Direct Operated Poppet Valves 


and sleeves are all interchangeable, the discussion will now ee —— — — = 
cover the basic valve design without reference to materials or | | 3 oe 3 
fluids used. 


First, the basic poppet design lends itself quite well to a two sos Me 
position, three-way function. To perform a 4-way function, —— SSSR SS 3 
two three-way functions are combined. As will be shown, 
this can be accomplished by using a three-way valve sand- 
wich. The basic valve is a solenoid direct operated model Internal 
which can be used by itself for low flow applications (10 Valve 
GPM maximum) or as a pilot valve for higher flows. As Adjustment 
shown in the photograph, the solenoid actuator can also be 

replaced with various types of manual and mechanical 


operators. Single Ball, Normally Open 3-Way Valve 


Actuating Pin 
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The cross-sectional illustration of a normal open valve shows 
a single ball double seat arrangement of the internal pieces. 
The ball type poppet is held against the left-hand seat by a 
relatively heavy spring force. Pressure is opened to the A 
port, while the tank connection is blocked without leakage. 
When the solenoid is energized, the mechanical lever lifts the 
ball from the left-hand seat and presses it into the right-hand 
seat. This causes P to be blocked from A, and opens A to T. 
The valve displays open center crossover characteristics in 
that all ports are interconnected while the ball is being moved 
from one seat to the other. 


External sealing of the actuating pin is achieved through the 
use of two u-cup seals which are constantly pressurized by 
the pressure at port P in the valve. Also, the mechanical lever 
is incorporated to give the solenoid a mechanical force ad- 
vantage of 6:1. The ball at the lower end of the mechanical 
lever is necessary to eliminate a side loading which otherwise 
could be transmitted to the actuating pin. 
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Two Ball, Normally Closed 3-Way Valve 








The cross-sectional illustration of a normally closed valve 
shows it to be similar to a normally open valve in basic 
operation. However, in this assembly, the seats are reversed, 
and two balls are used in the moving member. The right- 
hand ball is held against the right-hand seat by the heavy 
spring force. This blocks P from A and opens A to tank. 
Energization of the solenoid presses the left-hand ball into its 
respective seat and also unseats the right-hand ball. The A 
port is connected to P and blocked from T in the shifted 
position. 


In this flow pattern, it should be noted that the P and A ports 


are blocked by a check valve function. Therefore, sufficiently 
high pressure at port A could lift the poppet from its seat 
causing a free flow to port P. For this reason, a cartridge 
check valve can be installed in the P port of the main valve. 
This assures leak free sealing, even if A port pressure 
becomes higher than that at port P. 


4-Way 2 Position Function 


ar 





4-Way 
Sandwich 
Plate 


The 4-Way Sandwich Plate 


The cross-sectional illustration shows that a sandwich 
plate is mounted between the three-way poppet valve and its 
subplate. When used with the normally open three-way 
poppet, the flow pattern is P to A through the pilot valve, and 
B to tank through the sandwich plate. If a normally closed 
pilot valve is used, the four-way function in the de-energized 
position is reversed, namely; P to B and A to T. For clarity, 
the de-energized and energized positions are represented in 
schematic form. Please note that the schematics are shown 
with a normally open pilot valve. 


APPLICATIONS FOR DIRECT 
OPERATED POPPET VALVES 


The sandwich plate is quite useful when a four-way two 
position function is required. However, it cannot be used to 
stop a cylinder actuator in midstroke. When a three position 
control valve function is required, two direct operated valves 
can be used. The following circuits are but a few examples. 
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(2) P is connected to £ a) When this pilot valve is de-energized... 











and presses this pilot poppet 


Pilot pressure here has an into the righthand seat. 


area advantage... 


huer equal pressure working 
against this area... 


O-Ring Seal (6) This connects B to T. 


De-Energized 4-Way Two Position 


(2) P is blocked from A, and A opens 
to tank. 





When the pilot valve 
is shifted ... 


(3) This vents pressure on 
this pilot piston... 





Float Center With Regeneration 
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which allows pressure here 
to force the pilot poppet into 
the left-hand seat. 





! 4 
O-Ring Seal (5) This connects P with B. 


Energized 4-Way Two Position 


In this circuit, when both solenoids are de-energized, both 
ends of the cylinder are vented to tank through the A ports of 
the two normally closed three-way valves. This allows the 
cylinder to “float.” Of course, pump pressure is blocked by 
the spring load poppet in the deactivated position. 


When solenoid one is energized, pump flow is connected to 
the rod end of the cylinder, which causes it to retract. 
Likewise, the cylinder will extend when solenoid one is de- 
energized and solenoid two is actuated. It is interesting to 
note that if the two solenoids are simultaneously energized, 
pump pressure is directed to both sides of the cylinder. 
Assuming proper valve and cylinder size, the cylinder will ad- 
vance rapidly in regeneration. 


In this circuit arrangement of two normally open 3-way 
Pump poppet valves, the cylinder is positively held in position by 
the cartridge P port check valves. With both valves deac- 





Normal Open 
3-Way Valves 
With P Port 
Check 


LI From Pump 


Closed Center With Float Capability 


tivated, the pressure on the blind end of the cylinder is equal 
to the pressure setting of the main relief. However, the 
pressure at the rod end of the cylinder is intensified to the 
level needed to balance the forces on the unequal piston 
areas, assuming that there is no load on the cylinder. This is 
an important consideration, particularly when you use this 
circuit with larger rod cylinders. 


In this circuit, unlike the previous one, when solenoid one is 
energized, the cylinder extends because its rod end is con- 
nected to tank. By de-energizing solenoid one and energizing 
solenoid two, the cylinder retracts. Simultaneous ener- 
gization of both solenoids vents both ends of the cylinder to 
tank, which allows it to float. 


PILOT OPERATED POPPET 
VALVES FOR DIRECTIONAL 
CONTROL 


The logic element which was introduced in Chapter 4 can be 
used in conjunction with the direct operated poppet valve. In 
this manner, leak free directional control of high flow rates 
can be achieved with virtually any fluid (mineral oil, oil-in- 
water emulsions, pure water, etc.). Since a logic element per- 
forms only a two-way function, two or more elements must 
be combined to achieve three or four-way directional control. 





Exploded View Of A 2-Way Pilot Operated 
Poppet Valve 


TWO-WAY PILOT OPERATED POPPET 
VALVE 


The two-way pilot operated poppet valve is similar to a pilot 
operated spool valve in that a direct operated poppet valve 
operates a slave poppet, which, in this case, is the two-way 
logic element. In this basic design, the main poppet rides in- 
side an interchangeable bushing, which is sealed from the 
main housing by o-rings and Teflon back-up rings. 


As shown in symbol form, the main flow passage from P to 
A is opened when the pilot valve vents the top of the main 
poppet. Likewise, the main flow passage is blocked when the 
pilot valve directs pilot pressure to the top of the logic 
element poppe: ‘see Chapter 4 for a complete explanation of 
area ratios and basic logic element operation.) Like spool 
type pilot operated valves, pilot chokes can be installed to 
adjust the opening and closing speed of the main poppet. By 
adjusting the opening and closing time, shock due to decom- 
pression is minimized as the valve is operated. The valve can 
also be internally or externally piloted and drained. 
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Cross-Sectional View Of A Two-Way Pilot 
Operated Poppet Valve 


THREE-WAY PILOT OPERATED 
POPPET VALVE 
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Symbol For A 3-Way Pilot Operated Poppet 
Valve 


The three-way valve operates on the same principle as the 
two-way poppet valve, except for the fact that the main valve 
housing contains two logic elements. The piloting in- 
corporates a four-way sandwich plate mounted between 
the pilot valve and the main valve housing. In this manner, 
the top side of one logic element can be vented to tank while 
the top side of the opposite element is pressurized, and vice 
versa, through the poppet pilot valve. 


When a normally open three-way pilot valve is used, the pilot 
passages in the main valve housing are arranged so that P is 
open to A and T is blocked. Energization of the solenoid 
unloads the left-hand poppet, and pressurizes the top side of 
the right-hand logic element. This blocks P, and opens A to 
tank. During the shifting period, all ports are momentarily 
connected. This results in an open center crossover, similar 
to the one in a negatively overlapped spool valve (as 
previously discussed in this chapter). 


THREE-WAY PILOT OPERATED 
POPPET VALVE WITH CLOSED 
CENTER CROSSOVER 


In accumulator circuits and in some load holding circuits, the 
open center during crossover has an adverse effect on proper 
system operation. For this reason, it is sometimes necessary 
to use a pilot operated poppet valve with closed center 
crossover. As shown in the cross-sectional illustration, this is 
accomplished by replacing the two logic element cartridges 





with a double end poppet with two seats. 
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Three-Way Pilot Operated Poppet Valve With Closed Center Crossover 


The cross-sectional illustration shows the orientation of the on the pilot piston. This piston has a larger effective area 


double end poppet and seat arrangement. The poppet than the exposed area of either of the poppets. 
position is determined by the prevailing pressure conditions 


The main valve is piloted by a normally closed three way 
poppet valve. In the de-energized position of the pilot valve, 
the area behind the pilot piston (on the right-hand side) is 
vented to tank. Pressure at port P works over the effective 
area of the poppet nose, and causes it to shift to the right, as 
shown. Pressure in the P-A passage presses the opposite 
poppet into the right-hand seat, which positively seals the 
tank passage. When the solenoid is energized, pressure from 
port P pressurizes the right-hand side of the pilot piston. 
Since this piston has an area advantage, the double end’pop- 
pet is pressed into the left-hand seat. The shifting speed of 
the double end poppet can be adjusted by incorporating the 
optional pilot choke flow controls. 


The closed center crossover is achieved by the extended 
nose on each end of the double end poppet. This nose is 
closely fitted to the inside diameter of the seat. When the 
poppet moves from right to left, the first thing that happens 
is that the right-hand poppet is unseated. However, because 
the nose of the poppet is still extended into the seat, the 
main flow passage remains closed, except for a minimal 


amount of leakage through the clearance fit. At ap- 
proximately midstroke, the. left-hand nose extension 
protrudes into the inside diameter of the left-hand seat, 
which blocks P from A. This occurs just before the nose of 
the right-hand poppet opens the A to T flow path. The net 
result is that the three ports are never interconnected during 
movement of the double end poppet. Of course, the function 
is identical when the spool moves to the right, which first 
blocks A from T, then opens P to A. 


FOUR WAY PILOT OPERATED 
POPPET VALVE 


The cross-sectional illustration shows that a 4-way pilot 
operated valve consists of a main housing with four logic 
elements and two direct operated poppet style pilot valves. 
For clarity, the operating modes are shown in schematic 
form as follows: 


Cross-Sectional View Of A 4-Way Pilot Operated Poppet Valve 
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Pilot Passages To Top 
Area Of Logic Elements 





PILOT PRESSURE REQUIREMENTS 
FOR PILOT OPERATED POPPET 
VALVES 


The minimum pilot pressure requirements for pilot operated 
poppet valves are quite different from those for spool type 
directional valves. At this point, however, it would be 
repetitious to explain the opening and closing of the in- 
dividual logic elements. Consequently, we ask that you 
review this information as it was presented in Chapter 4. The 
minimum pilot pressure requirements at port X can only be 
determined once the pressures at ports P, A, B and T are 
known. You must also consider the pilot pressure 
requirements for each portion of the machine cycle. 





G) When both solenoids are de-energized . . . 
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is directed to 
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All elements are seated, which blocks all 
possible main flow passages. 


All Ports Blocked 


6) Pilot pressure still exists here... @ When this solenoid is energized ... 
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(3) With all poppets unseated .. . 


CONCLUSION 


In this chapter, we have attempted to explain the two most 
common methods of controlling direction of fluid flow in 
hydraulic systems: spool type and poppet style direction con- 
trol. Most of the emphasis has been directed toward the 
sliding spool method of directional control, since this is by far 
the most popular. On the other hand, research in modern 
poppet valve design has developed a product with economic 
and technological feasibility. Among the poppet vaive’s 
strongest advantages is its leak free sealing capability and its 
ability to handle low viscosity fluids (even pure water) at high 
pressures. Your review of the material presented should give 
you an understanding of the following points. 


SPOOL TYPE DIRECTIONAL VALVES 


Starting with a very basic description of spool valve 
operation, we explained how a close fitting spool, which 
slides in a bore in the main valve house, blocks or opens flow 
passages. We also discussed the machining of various spool 
types, and how the valve’s performance is affected by either 
positive or negative overlap. A description was also given of 
how Bernoulli flow forces affect the maximum performance 





@ By simultaneously energizing both solenoids ... 


(2) the top area of 


all four 
poppets are 
vented to 
tank. 


(4) a fourth open center flow condition is 
created. 





capability of the valve. The spool positioning method was 
also covered in detail for both direct and pilot operated 
valves. 


With respect to direct operated valves, we have also covered 
the various methods of spool positioning. These included a 
two position valve with double actuators, and double ac- 
tuators with detents or spring offsetting. Springs can also be 
used to provide a three position spring centered spool 
positioning. In addition, various types of valve actuators for 
providing shifting forces have been covered in detail. Ac- 
tuator types include manual, mechanical, pilot operated, and 
electrical solenoids for use with either an AC or DC current. 
In addition, the description of solenoid actuators covered the 
advantages offered by either the air gap or wet pin design. 


We have also described pilot operated directional valves for 
use in systems using higher flow rates. In describing the 
method of operation, we have shown how the slave spool is 
shifted by a command from a direct operated spool type pilot 
valve. The description included four methods of positioning 
the slave spool: two position hydraulic offset, two position 
spring offset, and three position valves which are either 
spring or pressure centered. The methods of converting from 
internal to external pilots and drains have also been pre- 
sented. The special requirements of an internal pilot valve 
when you use spool types which unload pressure have been 
discussed, with various methods of maintaining minimum 
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pilot pressure. In addition, the various accessories for pilot 
operated valves were explained. These included pilot 
chokes, stroke limiters and spool position indicators. 


This chapter also included a discussion of symbolism for 
both direct and pilot operated directional valves. These sym- 
bols were used to outline the requirements of a number of 
various circuit applications. The application examples in- 
cluded series circuits, parallel circuits, three methods of ob- 
taining regeneration, and the application precautions with 
open center spools. 


POPPET STYLE DIRECTIONAL 
CONTROLS 


The second part of this chapter was devoted to poppet style 
directional control. The advantages offered by the poppet 
design is that it allows one port to be sealed from another 
without leakage. Because of this leak free sealing, the poppet 
design can be used with pure water, since the problem of 
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“wire drawing’ is eliminated. 


The direct operated poppet valve has a three-way flow pat- 
tern, and can be supplied in a normally open or a normally 
closed configuration. A sandwich plate is also available for 
converting the valve, so that it can be used to perform a two 
position 4-way function. In addition to solenoid operators, 
various manual and mechanical actuators are also available 
for direct operated poppet valves. è 


To accomplish leak free directional control for higher flow 
rates, the direct operated poppet valve can be used to pilot a 
main valve housing which incorporates one or. more logic 
elements. Descriptions of two, three and four-way pilot 
operated poppet type directional valves have been covered. 


For those of you who have been reading chapter by chapter, 
you have now been exposed to the major valve type com- 
ponents used in an industrial hydraulic system. In Chapter 6, 
we will turn our attention to the hydraulic pump. Selection of 
this single component can make or break a system design. 


ity 


CHAPTER 6 


HYDRAULIC PUMPS 


In the design of any hydraulic system, proper pump selection 
will have a significant influence on overall system per- 
formance, operational efficiency, and cost. In regard to cost, 
it is important to understand that the initial acquisition is only 
one factor. Long range operating costs can make a bur- 
densome expense of what seemed to be an inexpensive pur- 
chase. The expenditures which must be considered in 
evaluating the total cost of any system include: initial com- 
ponent and piping expense, continual cost for generating and 
dissipating unneeded power, and the money spent to obtain 
an acceptable noise level. This chapter is intended to 
familiarize you with the pump types available, so that you 
can make the proper selection for your particular system. 


THE ENERGY INPUT 


We said in Chapter 1 that the pump does not create energy, 
but that it converts energy into a form which can be utilized 
by the hydraulic system. Although pumps come in various 
shapes and sizes with uniquely different pumping me- 
chanisms, their sole purpose is to convert the mechanical 
energy of the prime mover into hydraulic energy. They do 
this simply by pushing hydraulic fluid into the system. 


In most industrial hydraulic systems, the prime mover is an 
electric motor. The rotary motion of the prime mover creates 
a flow of fluid from the outlet of the pump. 


PRIME MOVERS 


In the United States, industrial grade electric motors are 
available in syncronous speeds of approximately 860, 1140, 
1750 and 3420 RPM (the nominal ratings of these motor’s 
speeds are 900, 1200, 1800 and 3600 RPM). In general, the 
higher the electric motor speed, the lower is the cost of the 
electric motor for a given horsepower rating. However, the 
noise level and the maximum speed ratings of the pump 
should also be taken into consideration in selecting an elec- 
tric motor. For this reason, most industrial hydraulic systems 
use either an 1140 RPM or a 1750 RPM electric motor. 


Mobile hydraulic systems, on the other hand, usually use in- 
ternal combustion engines as their prime movers. Since both 
diesel and gasoline engines have a variable speed output 


(RPM), it is important that they do not drop below the 
minimum or exceed the maximum speed limit of the pump. 


THE SIMPLE PUMP 


The action of any hydraulic pump can be understood in 
terms of the operation of a simple hand operated pump. The 
basic pumping principle is that a captive volume increases in 
size during suction, then decreases to force the fluid out of 
the outlet port of the pump. Let us now consider how oil en- 
ters and leaves a hydraulic pump. 


Work Output Pumping Piston Atmospheric 





Outlet Check | Suction Check 
Valve Valve 





Vacuum 
Flow - 


Simple Pump During Suction 


The simplest hand operated pump consists of a pumping 
piston with a manual energy input, an oil reservoir, and two 
check valves. As shown in the illustration, when the pumping 
piston is pulled upward, a partial vacuum exists since an in- 
creasing volume is being created. This vacuum creates an 
unbalanced pressure condition so that atmospheric pressure 
(and/or head pressure of the oil, see Chapter 1) can push oil 
into the pumping cylinder by opening the suction check 
valve. While the pumping piston is being pulled upward, load 
induced pressure (and spring force) keeps the outlet check 
valve closed. 
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Simple Pump During Pressure Stroke 


Once upward motion of the pumping piston ceases, the 
pump cylinder is filled with oil at nearly atmospheric 
pressure. When pressure in the pumping cylinder is close to 
the atmospheric pressure in the reservoir, the light spring 
force closes the suction check valve. Now, when the piston 
area is exposed to a downward force, a pressure is created in 
the captive fluid. Initially, as the downward force develops on 
the input piston, there is no flow, since the pressure in the 
pump cylinder is less than load induced pressure. However, 
the moment sufficient pressure is developed, the outlet check 
valve opens, transmitting flow and pressure (energy) to the 
output actuator. 


Needless to say, the output flow of the hand pump is deter- 
mined by the volume displaced during one stroke of the 
pumping piston, and the number of strokes per unit time. On 
the the other hand, the pressure capability is determined by 
the mechanical integrity of the pumping cylinder, and the 
maximum force potential. 


RATINGS FOR HYDRAULIC 
PUMPS 


In this book we will only concern ourselves with positive 
displacement pumps. A positive displacement pump delivers 
a relatively constant output flow, which, except for a small 
amount of leakage, is independent of the system’s operating 
pressure. The pumping mechanism of a positive dis- 
placement pump always provides a mechanical seal between 
the inlet and the outlet of the pump. We will not consider 
centrifugal type impeller pumps, since they gerierally are not 
adequate for use in power transmission. 
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DISPLACEMENT 


The size of a positive displacement pumpʻis usually ex- 
pressed in terms of the number of cubic inches displaced 
during one revolution of the drive shaft. As will be shown, 
most pumps have more than one pumping chamber. Con- 
sequently, the total displacement of the pump is the volume 
created by one pumping chamber multiplied by the number 
of chambers that pass the outlet porting during one 
revolution. Generally, displacement is represented in cubic 
inches per revolution. 


Another common method of representing the size of a pump 
is to list its nominal flow at a specific drive speed. For in- 
stance, the variable volume vane pump (which will be 
discussed later in this chapter) is normally driven by a 1750 
RPM electric motor. It is commonplace in the industry simply 
to refer to these pump sizes as 6 GPM, 8 GPM, 15 GPM, 
etc. The nominal pump rating does not represent an actual 
figure. A particular pump with a 8 GPM nominal rating at 
1750 RPM may pump slightly more or less than 8 GPM 
depending on the load conditions. This brings us to another 
term: volumetric efficiency. 


VOLUMETRIC EFFICIENCY 


Theoreticaliy, a pump which displaces 20 cubic inches per 
revolution will deliver 20 cubic inches of oil for each 
revolution of its input shaft. In reality, however, the actual 
pump output is reduced by two forms of leakage as pressure 
increases across the clearance fits of the pump. This leakage 
can be either crossport leakage, which means pressurized 
fluid flows back to the suction side of the pump, or in some 
pump designs, it can be leakage to the case or housing of the 
pump. Pumps which have case drain leakage ports simply 
allow pressurized fluid which passes through the clearance 
fits to collect in the housing and then free flow back to the 
reservoir through the case drain line. Of course, for a given 
clearance, the higher the outlet pressure (the higher the 
pressure drop across the clearance fit — Chapter 1), the 
greater is the leakage. 


Volumetric efficiency is a percentage figure determined by 
dividing the actual flow by the theoretical flow value: 


E, - ACTUALFLOW 100 
THEORETICAL 


FLOW 


If, for example, a pump size is stated as 10 in3/rev. at 1750 
RPM, this pump should deliver: 


10 in? 


rev. 


231 


1750 rev. 





min. 
GPM = = 75.75 GPM 


Ay 


If the actual pump output at 1750 RPM is 69.5 GPM, the 
pump is said to have a volumetric efficiency of: 


E, = R625 GEMET =91.74% 
75.75 GPM 


Because volumetric inefficiency does not cause mechanical 
work, the leakage flow produces heat. If the pump is 
operating at 2000 PSI outlet pressure, the rate of heat 
generation because of leakage is: 


U 
—— = 1.5 x GPM x PSI = 


HR 
BTU 
1.5 x (75.75 — 69.5) x 2000 = 18,7503 


MECHANICAL EFFICIENCY 


Another type of inefficiency is that produced by: mechanical 
friction during operation of the pump. If the pump were to be 
delivering flow at zero pressure, then no force (torque) 
should be required. In Chapter 1 we have shown how the 
pressure relates to the torque of a rotational device, namely: 
Where: T= Torque (Ib. — in.) 

P = Pressure (PSI) 

D = Displacement (in3/rev.) 


T= PxD 
2n 





If we again consider our 10in3/rev. pump operating at 2000 
PSI, the theoretical torque would be: 


2000 (10 in?/rev. 
T= = 3183 (Ib. — ins.) 
TT 


If we measure the actual torque required to drive the pump, 
we may find that at 2000 PSI, the actual input torque is 
3360 (lbs. — ins.) (This would require the use of a 
dynamometer). The percentage of mechanical efficiency 
would be found by dividing the theoretical torque value by 
the actual torque required to drive the pump: 


THEORETICAL TORQUE 
E,= x 100 
ACTUAL TORQUE 





For the example pump, the mechanical efficiency would be: 


+ 3183 (Ib. — ins.) 100=94.73% 
ee ye = = 
“= 3360 (Ib. — ins.) 


OVERALL EFFICIENCY 


In the process of selecting a hydraulic pump, it is important 
that you compare the efficiencies properly. It is quite com- 
mon for technical literature to list one type of efficiency but 
not the other. However, it is best to compare the pumps on 
an overall efficiency basis, which would include both 
volumetric and mechanical inefficiencies. Mathematically, 
the overall efficiency figure is simply the product of the two 
values. In our example, the overall efficiency of the pump 
would be: 


E, XEm_ 91.74% x 94.73% 


= 86.9% 
100 100 


t 


Another way of determining the overall efficiency of a pump 
is to compare the theoretical power output with the actual 
power required to drive the pump. If the pump is actually 
pumping 69.5 GPM at 2000 PSI, the HP that would be 
available to produce useful work is: 


_ 69.5 GPM x 2000 PSI 


HP, 
1714 


= 81.09 HP 


However, if we use the actual torque required at the drive 
speed which we assumed to be 1750 RPM, we can calculate 
the actual horsepower input: 


3360 (Ib. — in.) x 1750 RPM 


= 93.29 HP 
63025 


Our overall ¢ ficiency is: 
THEORETICAL 
HP OWT 
= LL MC 
ACTUAL HP IN 

= 86.9% 


This is the same efficiency we obtained by multiplying the 
volumetric and mechanical values of efficiency. 


100 81:09 100 
— 
93.29 


t 


THE PRACTICAL SIDE OF 
PUMP EFFICIENCY 


In order to explain the difference between volumetric, 
mechanical and overall efficiency, we have, more or less, 
shown the steps by which a pump manufacturer determines 
the efficiency of his pump. However, from the designer's 
standpoint, the problem is not how to determine (or 
calculate) pump efficiency. He must understand what these 
values mean, and how they will relate to his system. 


If, for instance, you want to know th Kao flow which can 
be expecte@edyen RAYS E Joe fob in ftom the 
menufacag, tn bari che E Pain 
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which the pump will operate. The actual output flow can then 
be calculated: 


D) x RPM 
Actual GPM = a\D) REM xE, 
231 


Where D = theoretical displacement (in?/rev.) 


On the other hand, if you want to determine the drive power 
required by the pump, the overall efficiency figure must be 
used. This is true because both leakage and friction turn in- 
put energy into heat. Since leakage inefficiency is already in- 
cluded in the E, figure, the actual output flow is used for the 
GPM value. This eliminates including the volumetric ef- 
ficiency twice in our calculations; 


GPM x PSI 


HP = 
1714 (E;) 


For our example pump, the actual drive horsepower would 


_ 69.5 GPM x 2000 PSI 
1714 (E,) 


HP Actual 
E = .869 


t 


= 93.3 HP 


If we are interested in determining the rate at which the pump 
generates heat, we simply subtract the theoretical HP output 
from the actual HP input. This difference in HP can then be 
converted into heat generated in BTU/HR: 


69.5 GPM x 2000 PSI 


HP (theoretical outh= 
a) HP (theoretical out} i714 


= 81.1 HP 


b) HP (in) — HP (out) = 93.3 — 81.1 = 12.2 HP 


2545 BTU/HR 


c) 12.2 HP x THP 


= 31,049 BTU/HR 


It is interesting to note that if we subtract from the total heat 
generation (31,049 BTU/HR) the heat generated by leakage 
as previously calculated (18,750 BTU/HR), we can find the 
amount of heat generated because of mechanical inef- 
ficiency; this value is 12,299 BTU/HR. You will find that the 
ratio between volumetric and mechanical efficiency changes 
with pressure and operating speed. At low pressure, 
volumetric efficiency is high, but mechanical efficiency is 
low. At high pressure, better lubrication increases the 
mechanical efficiency, but higher leakage decreases the 
volumetric efficiency. With respect to speed, mechanical ef- 
ficiency is higher at low speeds. However, volumetric ef- 
ficiency is highest at maximum speed. This is true because 
pump leakage is pressure dependent. Consequently, the 
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leakage is a smaller percentage of the higher flow produced 
at high speed. 


PRESSURE RATINGS FOR PUMPS 


In Chapter 1 we introduced one of the most important con- 
cepts in industrial hydraulics: hydraulic pumps do not pump 
pressure. A pump simply creates a flow of fluid by over- 
coming any resistance to its output flow. If there is no 
resistance, then there is no pressure. 


Consequently, the pressure rating of a pump is nothing more 
than a statement of the pump’s mechanical integrity. It gives 
the designer a guideline as to the pressure at which the pump 
can operate without damage, so that he can select a pump 
which offers a reasonable service life. It is important to 
realize that a pump that is rated for 2500 PSI could easily 
produce 10,000 to 15,000 PSI if misapplied. 


Most catalogue pressure ratings are the absolute maximum 
recommended operating pressures. For optimum pump life, 
it is recommended that you select a pump with a pressure 
rating higher than the operating pressure of your system. 
Operating a pump at a higher pressure than recommended 
will, at the very least, reduce its life expectancy. However, 
the more likely outcome is the catastrophic failure of the 
pump. 


SHAFT ALIGNMENT AND PUMP MOUNTING 


Offset Misalic nment Angular Misalignment 





By nature of its application, the pump must be considered as 
a precision instrument. For this reason we must pay par- 
ticular attention to the mounting and general installation of 
this component. Proper support and proper shaft alignment 
are two of the most important considerations. 


APPLICATIONS OF FIXED 
DISPLACEMENT PUMPS 


Before getting involved with the various types of fixed 
displacement pumps, we must clear up one area of possible 
confusion. A fixed displacement hydraulic pump is a positive 
displacement design in which the amount of displacement 
cannot be varied. At a given input RPM, the pump must 


If the actual pump output at 1750 RPM is 69.5 GPM, the 
pump is said to have a volumetric efficiency of: 


E, = 025 GPM _ 400=91.74% 
75.75 GPM 


Because volumetric inefficiency does not cause mechanical 
work, the leakage flow produces heat. If the pump is 
operating at 2000 PSI outlet pressure, the rate of heat 
generation because of leakage is: 


U 
=o = 1.5 x GPM x PSI = 
BTU 
1.5 x (75.75 — 69.5) x 2000 = bt 


MECHANICAL EFFICIENCY 


Another type of inefficiency is that produced by mechanical 
friction during operation of the pump. If the pump were to be 
delivering flow at zero pressure, then no force (torque) 
should be required. In Chapter 1 we have shown how the 
pressure relates to the torque of a rotational device, namely: 
Where: T = Torque (Ib. — in.) 

P = Pressure (PSI) 

D = Displacement (in?/rev.) 


PxD 
T= 
2n 





If we again consider our 10in?/rev. pump operating at 2000 
PSI, the theoretical torque would be: 


2000 (10 in?/rev. 
T= eS = 3183 (Ib. — ins.) 
TL 


If we measure the actual torque required to drive the pump, 
we may find that at 2000 PSI, the actual input torque is 
3360 (Ibs. — ins.) (This would require the use of a 
dynamometer). The percentage of mechanical efficiency 
would be found by dividing the theoretical torque value by 
the actual torque required to drive the pump: 


THEORETICAL TORQUE 
En= x100 
ACTUAL TORQUE 





For the example pump, the mechanical efficiency would be: 


3183 (Ib. — ins.) 


~ 3260 0 ; 00 = 94. 
3360 (Ib. — ins.) x 1 94.73% 


OVERALL EFFICIENCY 


In the process of selecting a hydraulic pump, it is important 
that you compare the efficiencies properly. It is quite com- 
mon for technical literature to list one type of efficiency but 
not the other. However, it is best to compare the pumps on 
an overall efficiency basis, which would include both 
volumetric and mechanical inefficiencies. Mathematically, 
the overall efficiency figure is simply the product of the two 
values. In our example, the overall efficiency of the pump 
would be: 


E, XEm_ 91.74% x 94.73% 


= 86.9% 
100 100 


t 


Another way of determining the overall efficiency of a pump 
is to compare the theoretical power output with the actual 
power required to drive the pump. If the pump is actually 
pumping 69.5 GPM at 2000 PSI, the HP that would be 
available to produce useful work is: 


_ 69.5 GPM x 2000 PSI 


HP, 
1714 


= 81.09 HP 


However, if we use the actual torque required at the drive 
speed which we assumed to be 1750 RPM, we can calculate 
the actual horsepower input: 


3360 (Ib. — in.) x 1750 RPM 


= 93.29 HP 
63025 


Our overall efficiency is: 


THEORETICAL 


HP OUT 81.09 


E, = ——————_ N 100= 
ACTUAL HP IN 93.29 


= 86.9% 


This is the same efficiency we obtained by multiplying the 
volumetric and mechanical values of efficiency. 


x 100 





THE PRACTICAL SIDE OF 
PUMP EFFICIENCY 


In order to explain the difference between volumetric, 
mechanical and overall efficiency, we have, more or less, 
shown the steps by which a pump manufacturer determines 
the. efficiency of his pump: However; fromthe designer’s 
standpoint, the problem is not how to determine (or 
calculate) pump efficiency. He must understand what these 
values mean, and how they will relate to his system. 
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deliver flow in an amount equivalent to its fixed 
displacement. On the other hand, a variable displacement 
pump is also a positive displacement- design. However, with 
this type of pumping_mechanism, the size of the pump’s 
displacement can be changed easily. Variable displacement 
pumps will be covered in detail later in this chapter. 


The amount of flow that is delivered by a fixed displacement 
pump can be changed only by changing the drive speed of 
the pump. Because there is no means of physically changing 
the pump’s displacement, these pumps are generally less ex- 
pensive and less complicated in design. However, since in- 
dustrial systems usually use constant speed electric motor 
drives, the application possibilities of fixed displacement 
pumps are somewhat limited. 


In Chapter 3 we have shown how flow control valves can be 
use to adjust speed in a hydraulic system. However, we have 
also shown how the flow control can be responsible for a 
considerable heat generation rate. In fixed displacement 
pump circuits, if the actuator(s) requires different flow rates 
during its operation, then the fixed displacement pump must 
be sized to deliver the highest flow. Unfortunately, when less 
flow is required at the lower operating speeds, the excess 
flow must be “dumped” over the relief valve at full system 
pressure. This unconditionally converts the unneeded energy 
into heat. For this reason fixed displacement pumps should 
only be used in constant speed applications, or in circuits in 
which speed control is very short in duration. Likewise, a 
fixed displacement pump should never be used to hold 
pressure on an actuator under static conditions. 


Nevertheless, there are a multitide of applications where the 
fixed displacement pumps do the job and do it well. It is, 
however, imperative that the pump be sized precisely for the 
speed required. Normally, a fixed displacement pump will be 
adequate unless you answer “yes” to any one of the following 
statements. 


Precautions must be taken if fixed displacement pumps 
are used under any one of the following conditions: 
—System pressure must be maintained on a stalled 


actuator. 
—The circuit operates over a broad speed range. 


—The pump cannot be unloaded by the circuit 
design during idle periods. 

—During a portion of the cycle, the actuator 
must be operated at a relatively low speed. 





In summarizing the above, a fixed displacement pump has 
great potential for generating heat, if, for some reason, it is 
misapplied. For any system, it is the responsibility of the 
designer to calculate the heat generation (Chapter 1) during 
each portion of the cycle. If heating the system is not a 
problem, then the fixed displacement pump is adequate for 
the application. On the other hand, if it appears that a good 
deal of energy will be converted into heat, the designer may 
have to consider a variable displacement pump. 


PUMP CLASSIFICATION 


Today 99% of all hydraulic pumps fall into one of the three 
basic design classifications. They are: gear, vane, or piston 
pumps. Each major division can, in turn, be subdivided into 
specific pump types. In general, all three design 
classifications are applicable to fixed displacement pumps. 
However, only the vane or piston type can be used for 
variable displacement. We now wish to cover the most com- 
mon designs as outlined in the pump classification chart. We 
will first discuss fixed displacement pumps and then cover 
variable pumps and their controls. 


POSITIVE DISPLACEMENT 


HYDRAULIC PUMPS 





FIXED DISPLACEMENT 
Balanced | - 
Gear Piston 
Crescent ‘Gerotor’ 


PUMP CLASSIFICATION CHART 


Axis 


Bent 
Piston’ Axis’ 
Axial Piston’ 


* Various Control Options 


Dire.ct 
Operated 
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THE EXTERNAL GEAR PUMP 





The external gear pump is probably the oldest pump design 
which is still in use in modern hydraulic systems. The reason 
for this is that the basic design is rugged and is capable today 
of both high flow and high pressure. We will now take a 
closer look at the external gear pump design. 


Housing 


Driven Gear 


Hydraulic 
Loading of 
Bearings 


| >> Gear Tip 
Sealing 


— Drive Gear 





As shown in the cross-sectional illustration, an external gear 
pump is nothing more than a set of spur gears contained in a 
close fitting housing. You will notice that the bottom gear (in 
this illustration) is keyed to the drive shaft of the pump. As 
the drive gear is rotated by the prime mover, this gear 
meshes with and turns the driven gear. 


If you look at this cross section from the point at which the 
drive shaft seems to protrude from the page, you can easily 
see that when the drive gear tums in a counterclockwise 
direction, the driven gear rotates in the clockwise direction. 


The expanding and decreasing volume needed to produce a 
pumping action is created by the unmeshing and meshing of 
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the gear teeth. As the gear teeth on the left-hand side of the 
drawing separate, an expanding volume is created. This void 
causes a partial vacuum, so that atmospheric pressure can 
push oil into the pump’s inlet. Once oil-fills the space be- 
tween adjacent pairs of gear teeth, the oil is carried around 
the outside of the two gears. During this transmittal of oil, 
the gear tips come in close proximity to the pump housing, 
effectively sealing and isolating the pressure and the suction 
sides of the pump. 


Now, as the gear tips on the right-hand side of the drawing 
remesh, the oil is mechanically forced from the spaces be- 
tween the gear teeth. This causes a flow of fluid from the 
outlet of the pump. The pump displacement is related di- 
rectly to the number of teeth on each gear, and to the size of 
the spaces between adjacent pairs of teeth. 


GEAR PUMP LEAKAGE 


In general, most gear pumps do not have case drain leakage 
connections. Consequently, their volumetric inefficiency 
results totally from crossport leakage. The crossport leakage 
can take one of two possible flow paths. 


The first path of possible leakage is that of pressurized fluid 
which passes between the housing and the gear tips. This, 
however, is the longer path, and the minor leakage path in 
closely fitted gear pumps. 





Pressure 
Field 


Wear Plates 


Shaft Seal T _—— 


Typical Gear Pump (Cutaway) 


If we now look at the pump from a side view, we can see the 
major leakage path. Physically, the suction and pressure 
sides of the nump are closest in the center of the pump 
housing. We must remember, however, that a clearance fit 
must exist if the gears are to rotate in the pump housing. 
This clearance will allow pressurized fluid to flow by the gear 
faces to the suction side of the pump. 


High pressure gear pumps, on the other hand, are designed 
with floating wear plates (sometimes referred to as thrust 
plates). These two wear plates are located in the pump 
housing on either side ofthe gear faces. To facilitate pump 
start-up, the wear plates generally have bronze surfaces, and 
they are lightly mechanically loaded against the faces of the 
gears. As pressure is developed by the pump, it creates a 
hydraulic force, which tends to push the wear plates away 
from the gear faces. However, this hydraulic force is bal- 
anced by a pressure field created on the opposite side of one 
(or sometimes both, depending on the pump design) of the 
wear plates. The effective area of this pressure field is 
precisely designed so that a light hydraulic force always 
exists to load the wear plates against the faces of the gears. 
During operation, the plates self-adjust the pump clearance, 
according to the pressure level. Of course, the higher the 
system pressure, the higher is the hydraulic loading on the 
wear plates. The pressure loaded wear plates reduce leakage 
to a minimum without creating excessive mechanical friction. 
They also allow the pump to self compensate for wear. 


EXTERNAL GEAR PUMPS ARE 
HYDRAULICALLY UNBALANCED 


Although earlier gear pump designs were plagued with failure 
problems, modern gear pumps operate efficiently and quietly 
at high system pressures. The major cause of gear pump 
failure can probably be contributed to bearing failures. If you 
again refer to the cross-sectional illustration of this pump, 
you can see that high pressure is exposed unequally, con- 
sidering the circumference of the gear. This high pressure is 
nothing more than a force over an area, and it causes a high 
mechanical loading on the shafts and bearings of the pump. 
For this reason, inexpensive gear pumps are usually limited 
to maximum operating pressures of 1500 PSI or lower. 


On the other hand, gear pumps can be made to operate at 
high pressures (up to 4500 PSI), simply by providing them 
with a suitable bearing structure to support this hydraulic un- 
balance. High pressure gear pumps incorporate large 
diameter shafts which offer strength and allow for extra large 
bearings. Depending on pump design, these bearings can be 
either needle bearings or hydrodynamic (pressure lubricated) 
bushings. 


OPERATING NOISE LEVEL 


In the past, the gear pump has had an infamous reputation 
because of its high noise level during operation. This is a 
combination of mechanical noise caused by the meshing of 
the gear teeth, and, hydraulic noise created by the high 
frequency hydraulic pulsing due to the relatively high number 
of pumping chambers. Fortunately, computerized gear 
design and new manufacturing techniques have produced 


gear pumps which operate with very satisfactory noise levels. 
Therefore, the stigma which plagued the gear pump in the 
past is now being removed. 


DIRECTION OF ROTATION 


When specifying a gear pump for your system, you must be 
careful to order a pump with the proper direction of rotation. 
This precaution is necessary since most gear pumps cannot 
easily be converted from one direction of rotation to another. 
In fact, it may even require a separate “mirror image” housing 
to convert the direction of rotation for an external. gear 
pump. Some of the reasons for this will now be considered. 


Again, it is necessary to refer back to the cross-sectional 
illustration of the typical pump design. At first it may seem 
that the direction of rotation can be changed simply by 
changing the rotational input to the pump. In theory, this 
would reverse the mechanics of the pumping action, and 
simply require connecting suction and pressure lines to the 
opposite sides of the housing. However, this is not the case. 


Most pumps which are capable of self priming have a larger 
inlet port than outlet. This facilitates use of the proper pipe 
diameter at the pump’s inlet. Consequently, if only the direc- 
tion of rotation is changed, the pump would try to pull its full 
displacement through the smaller port, while pumping the 
fluid out the larger port. This would not be desirable. 


Another problem in changing the direction of rotation of an 
external gear pump is that most pumps do not have external 
drains. Since the pump case is not vented to tank, the low 
pressure sealing ability of the shaft seal must be internally 
connected to the suction side of the pump. If this is not done 
when the direction of rotation is changed, high pressure fluid 
would inevitably cause a failure of this seal. 


Finally, pumps with pressure load wear plates may require 
totally different plates for the opposite direction of rotation. 
This is true because the pressure field created behind the 
plate is not symmetrical. In fact, it must be loaded more 
heavily on the pressure side than on the suction side of the 
pump. Rotating these pumps in the wrong direction would 
not provide adequate pressure loading of the wear plates. 


INTERNAL GEAR PUMPS 


Internal gear pumps cause a pumping action to occur in the 
Same manner as the external gear pumps. That is, suction is 
caused as the gears unmesh, and flow from the pump’s 
outlet as the gear teeth remesh. The major difference is that, 
with this design, one gear rotates inside the second gear. 
Today, internal gear pumps are offered in two different 
designs: the crescent seal, and the “Gerotor” design. A closer 
look will now be taken at these two different pumps. 
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CRESCENT SEAL 
INTERNAL GEAR PUMPS 





Crescent Seal Gear Pump 
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Inlet Outlet 
As shown in the operational cross section, the internal 
crescent seal gear pump consists of a small diameter internal 
gear, and an external ring gear. The inner gear is driven by 
the prime mover, in this example, in a clockwise direction. 
The internal gear meshes with and turns the ring gear in the 
same direction of rotation. In reference to the left-hand side 
of the illustration, oil is forced to enter the pump’s inlet by the 
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Rotor . 


Matching Outside 
Gerotor Element 


constant unmeshing of the gear teeth. The oil is then carried 
by the spaces between the teeth through the crescent sealing 
area to the high pressure outlet of the pump. Here the gear 
teeth remesh for the fluid to flow from the outlet of the pump. 
Sealing of the high pressure chamber from the pump’s inlet is 
achieved by the close proximity of the crescent to the two 
gears on the top and the meshed gear teeth on the bottom 
(according to this drawing). 


THE “GEROTOR’”’ PRINCIPLE 


The term “Gerotor” means generated rotor, and is the trade 
name for a very popular internal gear element. 


The cross-sectional illustration shows a typical Gerotor 
element, which consists of a pair of gear shaped elements. 
The internal gear (or rotor) drives the outer gear in the same 
direction of rotation. This is identical to the internal gear 
pump with a crescent seal (clockwise rotation shown). 


The inner Gerotor always has one less tooth than the outer 
element. The pumping chambers are formed by the adjacent 
pairs of teeth which are constantly in contact (except for 
clearance) with the outer element. 


You will notice that, as the rotor is turned, its gear tips are 
accurately machined so that they precisely follow the con- 
tour of the outer element. The expanding chambers are 
created (on the left side of this drawing) as the gear teeth 
withdraw. The chamber reaches its maximum size when the 
female tooth of the outer Gerotor reaches top dead-center. 
Likewise, during the second half of the revolution, the spaces 
collapse, forcing fluid flow from the pump’s outlet. 


ADVANTAGES OF THE 
INTERNAL GEAR DESIGN 


The major advantage of any internal gear pump is that the 
gears mesh on an inside diameter. Rather than turning away 
from each other, the internal gear follows the ring gear 
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through more degrees of rotation. This means that the gears 
unmesh and remesh with a lower relative speed. This creates 
a smoother flow of fluid to and from the pump. On the suc- 
tion side of the pump, this lower relative speed of the un- 
meshing of the gears means better pump filling. The lower 
fluid velocity allows the pump to start with more viscous 
fluids during cold start-up conditions. Likewise, the less 
radical meshing of the teeth at the pump’s outlet means a 
smoother output flow, and, consequently, a lower operating 
noise level. 


DISADVANTAGES OF 
INTERNAL GEAR PUMPS 


Although high pressure internal gear pumps have been 
manufactured, most pumps are only capable of 1500 PSI 
maximum pressure. By studying the cross-sectional 
illustration, you will see that the internal gear pump, like the 
external gear design, operates under unbalanced pressure 
conditions. The internal gear can be provided with sufficient 
bearing capacity. However, the external (ring)gear presents a 
design problem. 


Although the ring gear runs at a lower speed than the in- 
ternal gear (more teeth cause a speed reduction), it is more 
difficult to support. Generally, the ring gear simply runs in- 
side a close fitting bore in the pump housing. Lubrication and 
radial pressure balance are achieved by porting pressurized 
fluid between the outer gear and the pump housing. Because 
of the size of the gear and its geometry, this hydrodynamic 
bearing effect is usually only adequate for lower pressure 
operation (2000 PSI and below). 


FIXED DISPLACEMENT 
VANE PUMPS 





In the earlier years of hydraulics, the fixed displacement vane 
pumps gained wide acceptance over gear pump designs for 
two major reasons. First, because of manufacturing methods 
available at the time, gears were not able to be machined 
with a high degree of precision. This resulted in a gear pump 


which produced considerable mechanical noise as the gear 
teeth meshed at high drive speeds. Second, the limited 
knowledge of manufacturing materials led to mechanical 
failure of the bearings and gear teeth. This failure was due to 
the high pressure unbalance of the basic gear pump design. 
For these reasons the fixed displacement “balanced” vane 
pump became quite popular. We will now take a closer look 
at how this pump functions. 
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Vanes 


Fixed Displacement Balanced Vane Pump 


As shown in the cross-sectional illustration, the basic vane 
pump consists of a rotor, an eccentric cam ring, and vanes. 
The rotor is either keyed or splined to the drive shaft, and is 
rotated by the prime mover. You will notice that the rotor 
has a number of radially machined slots which hold the 
vanes. Other than the rotor, drive shaft,and vanes, all parts, 
including port plates, are held stationary in the pump 
housing. 


Initially, as the rotor is tumed, centrifugal force causes the 
vanes to follow the contour of the eccentric cam ring. In this 
design an individual vane is fully extended and fully collapsed 
in its slot twice during each revolution. The expanding and 
decreasing volumes required for the pumping action are 
caused by the expanding and contracting volumes formed by 
the adjacent pairs of vanes. 


The term balanced comes from the fact that the elliptical 
shape of the cam ring permits the use of two pressure outlets 
and two suction inlets. With a single pair of adjacent vanes, 
two pumping actions occur during one revolution of the drive 
shaft. Geometrically, the two pressure ports (and the two 
suction ports) are located directly opposite each other. In 
reference to the cross section, the hydraulic loading of the 
rotor and pump bearing to the right is offset by an equal 
hydraulic force to the left. 
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CARTRIDGE DESIGN 


Today, many balanced vane pumps are of cartridge design. 
This simply means that the pumping elements (ring, rotor 
and vanes) are supplied as a self contained unit sandwiched 
between the two port plates. The housing of the pump holds 
the cartridge, and contains the drive shaft bearings and pipe 
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Typical Cartridge Vane Pump 


connections. The cartridge design allows a worn out pump to 
be rejuvenated to new pump conditions in a matter of 
minutes, simply by replacing the cartridge. For a given pump 
housing, cartridges of several different displacements are 
available. This allows flexibility in matching the pump to the 
system. 


FIXED DISPLACEMENT VANE PUMP 
SIZES 


The fixed displacement balance vane pumps are offered in a 
variety of displacements, from less than 1 in3/rev. to over 
20 in?/rev. At the pump’s inlet, two expanding chambers are 
created simultaneously between the cam ring, rotor, and ad- 
jacent pairs of vanes. Inevitably, the size of these chambers 
determines the displacement of the pump. The chamber size 
is determined by the width of the cam ring and the stroke 
length of the vane. Consequently, the pump displacement is 
determined solely by the width of the cam ring andthe shape 
of the elliptical surface. 
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DIRECTION OF ROTATION 
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Cam Ring Throw 
Counterclockwise Rotation 


The fixed displacement balanced vane pump is normally field 
convertible from one direction of rotation to the other. The 
two assemblies shown should be viewed as if the pump shaft 
were protruding from the page. You can see that in both 
drawings, the port plates are oriented so that the suction 
inlets are on the vertical axis while the pressure outlets are 
on the horizontal axis. The difference is that the “throw” of 
the cam ring is to the top right and bottom left for a clock- 
wise rotation pump. For a counterclockwise rotation, the 
throw is reversed with respect to the port plates, namely, up- 
per left and lower right. In reference to this drawing, direction 
of rotation is changed simply by “flopping” the cam ring 
around the vertical axis. With some vane pump designs, the 
vanes must also be repositioned in their slots so that their 
“leading edges” follow the direction of rotation. 


VANE TIP LOADING 


The major cause of vane pump failure is wearing of the in- 
ternal cam ring surface and the vane tip. Under normal 
operating conditions, vane pumps have extremely long life 
(over 25,000 hours). However, this life expectancy can be 
severely reduced by several adverse operating conditions. 
These include too high an operating pressure or speed, 
cavitation, contamination, and low quality hydraulic fluids. 
We will now study some of these conditions. 


OPERATING PRESSURE 


The major design difference between vane pumps of dif- 
ferent manufacture is the method incorporated to load the 
vane tip against the inside surface of the cam ring. This is 
particularly true of vane pumps which are capable of 
operating at pressures higher than 1500 PSI. 


Nevertheless, with any vane pump, the vane must be forced 
to follow the inside surface of the cam ring. If this were not 
the case, pressurized fluid could get between the vane tip 
and the cam ring and push the vane (against centrifugal 
force) into its slot in the rotor. This would mean that the 
pumping action would cease. For operating pressures of up 
to 1500 PSI, the single vane principle is generally used. 


SINGLE VANES 







Single Vane Principle 
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Pressure Loaded Vane 


In reference to the illustration, as the vane is rotated through 
the pressure port area, the port plate exposes pressurized 
fluid underneath the vane. Pressure working over the rec- 
tangular area of the vane’s base creates a force which assists 
centrifugal force. This holds the vane in an extended position 
against the cam ring. 


However, during pressurization of the vanes base, 
mechanically, the vane is also being pushed back into the 
slot by the cam ring. This occurs as the captive volume is de- 


creasing, forcing oil to flow from the outlet of the pump. 
Needless to say, the higher the operating pressure, the higher 
is the force required to collapse the vane. A point is reached 
at which the operating pressure becomes so high that ex- 
cessive mechanical force is required. If the mechanical force 
becomes too high, the vane tip cuts through the oil film and 
comes in contact with the metal surface of the cam ring. This 
accelerates wear of both the cam ring and the vane tips. 


DUAL VANE DESIGN 


To alleviate the problems associated with the single vane 
design, high performance vane pumps incorporate dual 
vanes in each rotor slot. The purpose of the dual vanes is 
twofold. First, the two vane tips provide a double seal be- 
tween pumping chambers. Second, the dual vane con- 
struction allows for a hydrostatic balancing of the vanes, 
thus reducing vane tip loading. Let us now look at how this 
hydrostatic balance is achieved. 
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The illustration shows a typical dual vane assembly. 
Assuming clockwise rotation, you can see that the vanes are 
being collapsed in the slots causing a pumping action at the 
pump outlet. With this design, pressure at the base of the 
vane is channeled to the area between the two vane tips. 
This pressure field balances the pressure loading of the vane 
towards the ring, so that optimum vene tip loading is 
achieved at operating pressures up to 2500 PSI. 


AVOID CAVITATION WITH 
VANE PUMPS 


The vane pump is far more susceptible to damage by 
cavitation (see Chapter 1) than are gear pump designs. As a 
vane enters the suction area, it must extend from its 
previously collapsed position in the rotor. As the vane ex- 
tends, oil fills the expanding chamber being formed at the 
base of the vane within the rotor. During this part of the 
rotation, the base of the vane is connected to the inlet of the 
pump, so that fluid is available for filling the void being 
created as the vane extends. 






|) This causes errosion of the cam ring at these 
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velocity. 


@) does not allow the vane to extend... 


If an excessive vacuum exists at the pump’s inlet, it also 
exists at the base of the vane. Damage occurs when the vane 
first loses contact with the ring during suction, and then is 
“fired” at the cam ring as it is rotated into the pressurized 
area. In general, this problem is non-existent with properly in- 
stalled pumps. 


SIDE CLEARANCE 


Vane pumps and gear pumps share equal side clearance 
characteristics. With any of these designs, the rotating 
element is sandwiched between a combination of wear 
plates or port plates. Actually a port plate is nothing more 
than a wear plate with oil passages. In lower pressure equip- 
ment, these three elements operate with fixed clearances 
established during manufacture. As already discussed for the 
gear pump, higher performance pumps incorporate pressure- 
balanced wear plates which compensate for wear and reduce 
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leakage to a minimum. We now will turn away from this 
basic pump concept and discuss the higher pressure 
capabilities of the piston pump design. 


RADIAL PISTON PUMPS 


The piston pump, in general, causes a pumping action sim- 
ply be reciprocating a piston in a close fitting bore. In fact, 
the simple hand operated pump (explained earlier in this 
chapter) operates on the “piston pump” principle. Actually, a 
radial piston pump is nothing more than a number of 
mechanically operated “hand pumps” contained in a single 
housing. We now will discuss two different variations of 
fixed displacement radial piston pumps. 
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The cross-sectional illustration represents a typical radial 
piston pump. You can see that three piston elements are 
located 1n a symmetrical radial arrangement around the drive 
shaft. The supply of oil to the individual pistons comes from 
the center of the pump housing (green), while the pressure 
outlet is connected to a common pressure channel (shown in 
red). The pistons are actuated by the eccentric ball bearing 
on the drive shaft. The individual piston elements can ac- 
tually be considered as three separate pumps, operated by a 
common eccentric drive. The pump can be driven clockwise 
or counterclockwise without modification, since either direc- 
tion of rotation will cause the pistons to reciprocate in their 
bores. If we assume that the pump in this illustration is being 
driven in a counterclockwise direction, pistons 1, 2, and 3 
will show us three separate pumping modes. 


Piston number 1 is approaching the lower portion of the cam 
and is being retracted from the bore by its spring. A vacuum 
condition exists in the pumping chamber, and oil is drawn 


Eccentric 
Drive 


Shaft 


Housing 





from the housing by flowing through the inlet check valve. To 
assure more complete filling of the piston element, oil is 
directed into the pump housing through axial and radial 
bores in the drive shaft. The radial bores, rotating at high 
speed, “sling” oil into the pump housing in the same way that 
a centrifugal pump would. This centrifugal pumping action 
increases the pressure in the case of the pump to a value 
slightly higher than atmospheric pressure. This super- 
charging assures better piston priming, which not only im- 
proves the suction characteristics, but also assists in 
lowering the operating noise level. 


Piston number 2 is starting-up the ramp of the cam. The inlet 
check valve has closed, sealing the chamber, but pressure 
within the element is not yet equal to system pressure, At 
this point, pressure is developing in the fluid, but there is not 
sufficient mechanical force to cause flow. Needless to say, as 
the cam pushes harder on the piston, pressure will develop 
rapidly in the captive fluid. 


Piston number 3 is approaching the end of its upward stroke. 
As the piston moves upward, fluid is forced to flow through 
the internal passages to the outlet of the pump. The outlet 
check valve (shown in the open position) will close as soon 
as the piston begins to retract into its bore. This positively 
seals the outlet from the inlet of the pump. 


ISO — FLOW PUMPS 


The cross-sectional illustration above shows a pump with all 
pumping elements connected to a common pressure outlet. 
Consequently, the displacement of the pump is determined 
simply by adding the displacements of the individual ele- 
ments. Since optional elements are available with several dif- 
ferent bore diameters, the displacement of the pump can be 
matched to the system simply by selecting the proper mix of 
pistons. 


Barrel Support Bearing 
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However, a second, even more unique feature of the radial 
piston pump, is that it can be supplied with several isolated 
pressure ports. The ISO - flow pump is nothing more than a 
modified housing which connects some of the pistons to one 
pressure port, while the other pistons are connected to a 
separate pump outlet. In fact, a three piston pump can be 
supplied with as many as three pressure ports, one for each 
piston. 


The cross-sectional illustration (bottom of page 6-13) shows 
a modern radial piston pump design. Although similar in fun- 
ction to the design previously discussed, this particular pump 
offers somewhat higher performance characteristics, and is 
capable of lower operating noise levels. 


The major design variation is that hydrodynamic bushings 
are used in place of ball bearings. In this bearing design, 
pressurized fluid from the pump’s outlet is ported between 
the bearing surfaces. During operation, the shaft and bearing 
surfaces are actually separated by a film of oil, virtually 
eliminating metal to metal contact. In hydraulic pump ap- 
plication, these bearings have proven to exceed the life ex- 
pectancy of either needle or ball bearings. They are also 
capable of supporting higher loads. To provide adequate 
protection during start-up conditions, the bearings are com- 
posed of a Teflon inpregnated bronze. 
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OPERATING PRINCIPLES 


The two previous cross-sectional illustrations show the 
general arangement of piston elements, eccentric drive shaft, 
housing, and bearing. As shown, the pistons are arranged 
radially to the eccentric drive shaft. Each piston element con- 
sists of a hollow piston with integral inlet check valve, a 
piston barrel support bearing with outlet check valve, and a 
spring. 


As the drive shaft is rotated in a clockwise direction, the base 
of the piston is held in contact with the eccentric cam by the 
spring. The radius of this hydrodynamic bearing surface is 
equivalent to the radius of the eccentric cam. Downward 
motion of the piston causes an increasing volume in the 
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Oil Entry 


pumping chamber. The vacuum created opens the inlet 
check valve, allowing oil to enter this chamber. The base of 
the piston is exposed to the oil through a semi-annular 
groove machined into the eccentric cam. 


Pressure 


Further rotation of the drive shaft causes the eccentric cam 
to push the piston back into the cylinder barrel. The inlet 
check valve closes, and pressure builds rapidly in the captive 
volume of the fluid. When the pressure in the captive fluid 
equals system pressure, the outlet check valve opens, 
allowing flow from the pressure port of the pump. As with 
any positive displacement pump, the higher the system 
pressure, the higher is the rotational torque requirement at 
the mechanical input to the pump. 


FEATURES OF RADIAL 
PISTON PUMPS 


The radial piston pump, in general, has the highest con- 
tinuous pressure capability when compared with any other 
pump design. Today, radial piston pumps are available with 
continuous pressure ratings in the neighborhood of 10,000 
PSI. However, they are not usually supplied in displacements 
larger than 0.5 cubic inches per revolution when they are 
required to operate at this extreme pressure level. It is im- 
portant to realize that a 0.5 in?/rev. pump operating at 1750 
RPM may only deliver 3.8 GPM, but requires a 25 HP elec- 
tric motor for operating at 10,000 PSI. 


The radial piston pump becomes absolutely necessary for 
systems operating at pressures above 5000 PSI. Typical ap- 
plications include power supplies for hand tool operation 
(jacking cylinders, bearing pullers, crimpers), and high 
pressure clamp circuits for machine tools. In addition, the 
high pressure, low flow capabilities make the radial piston 
pump an ideal choice for holding pressure during a cure cycle 
on a hydraulic press. On the other hand, the radial piston 
pump is a highly efficient unit. Even at 10,000 PSI, typical 
pumps operate at over 93% volumetric efficiency, with 


overall efficiencies on the order of 86%. For this reason, 
radial piston pumps are also used on lower flow circuits 
when precise speed control is important (see Chapter 1). 


PRESSURE AND FLOW RATINGS OF 
RADIAL PISTON PUMPS 


In general, the displacement of a fixed displacement radial 
piston pump is determined by the piston diameter and 
stroke, assuming a given number of pistons. Although 
pumps are available with several different piston diameters, 
the highest pressure capabilities are obtainable only when 
using the smallest diameter pistons. In other words, as the 
piston diameter increases, the pump is capable of delivering 
higher flows, but at lower pressure limits. Over-pres- 
surization of larger diameter pistons generally causes bearing 
failure in the pump. 


PRIMING A RADIAL PISTON PUMP 


In general, precautions should be taken during the initial 
start-up of any radial piston pump. A problem often occurs 
in starting a three piston pump, for example, because, in so 
doing, you are actually starting three separate pumps. The 
example which follows shows a three piston pump in which 
only two of the three pistons are pumping. 





(4 ) and are now pumping a flow of fluid against 
— resistance in the system. 

However, an air (6) prevented oil from 
pocket here... 
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f 3) and this piston, 
filled with oil... 


1) During start-up... 








In this example, during start-up, only two of the three pistons 
were primed, thus the pump was only producing 2/3 of its 
rated flow. The third piston received only air at its inlet, and 
during several reciprocations of the piston, the air pressure in 


filling this chamber. 


the pumping chamber was increased to a higher value. 
However, since air is compressible, the pressure could not 
reach a high enough level to open the outlet check against 
system pressure. 


Once this condition is created, it is quite possible that the 
element will never prime. The air cannot escape over the 
outlet check, while at the same time air pressure is too high 
to allow oil entry over the inlet check. If precautions are not 
taken, the piston element will eventually fail, due to lack of 
lubrication. Fortunately, this problem is easily detectable and 
just as easily solved. 


A pump which is operating with one or more of its pistons 
not primed is mechanically unbalanced. Since more torque is 
required to turn the drive shaft past the primed pistons, the 
unbalanced torque input creates excessive mechanical 
vibration and noise. The conditions are similar to those in an 
automobile engine which is not running on all its cylinders. 


When you are starting a new installation with a radial piston 
pump, it is advisable for you to unload the outlet of the 
pump. In this manner, system pressure cannot build behind 
the outlet check valves, allowing the air to escape from the 
pumping chamber. If, after running the pump for several 
minutes in the unloaded condition, the problem is not solved 
(noise and vibration when operating under pressure), it may 


be necessary to bleed the unprimed piston elements in- 
dividually. 


In isolated instances, it sometimes happens that the outlet 
check valve cannot be opened by air pressure in the pumping 
element, even when the outlet of the pump is unloaded. This 
problem can be overcome by loosening the check valve ac- 
cess nut which will relax the spring force and allow the 
element to prime. The nut should be retightened as soon as 
all the air has escaped. 


3) which allows the 
air to escape from 
this chamber. 





By slightly loosening 
this access nut... 
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FIXED DISPLACEMENT IN-LINE 
AXIAL PISTON PUMPS 


In-line axial piston pumps have gained wide acceptance 
because of their higher flow capabilities (over 100 GPM) at 
relatively high operating pressures (up to 5000 PSI). In this 
design, the pistons and cylinder barrel are parallel to the 
drive shaft. The cylinder barrel is a one piece unit and is 
bored to accept several closely fitted pistons. The number of 
pistons is determined by the actual pump design. However, 
there are usually the odd number of pistons: 5,7,9 etc. We 
make reference to the cross-sectional illustration for further 
descriptions of the operation. 
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The cross-sectional illustration represents a typical high 
pressure in-line piston pump. In this particular pump, nine 
pistons are contained in the cylinder barrel. The cylinder 
barrel is keyed to the drive shaft and is rotated by the prime 
mover. The pistons reciprocate in their bores, causing a 
pumping action, by following the inclined surface of the 
swash plate. 


The swash plate in a fixed displacement pump is nothing 
more than a steel ring held at a fixed angle (typically 15°) in 
the pump housing. The dynamic bearing surface between the 
piston and the swash plate is created by a bronze slipper 
pad. The slipper pad has a ball and socket connection to the 
piston and is held against the swash plate by a retaining ring, 
which also rotates. 





E iN Retaining 
(>| Ring 


Piston Slipper Pad 


As the cylinder barrel rotates, it carries along each of the nine 
pistons. During exactly one half of a revolution, the pistons 
are pulled from their bores as the retaining ring causes the 
slipper pads to travel down the incline. Upon reaching its 
maximum extended position, the piston starts travelling up 
the incline, exerting force on the fluid in the cylinder barrel, 
forcing it to flow from the outlet of the pump. The 
displacement of a given pump is determined by the number 
of pistons, the piston diameter, and the lenath of the strokes. 
Of course, the steeper the angle of the swash plate, the 
longer is the piston stroke. 


Outlet 
Kidney 


Inlet 
Kidney 


Crossover Area 


Referring again to the cross-sectional illustration, you will 
notice that oil is ported to and from the cylinder barrel by the 
valve plate. The valve plate is nothing more than a flat sur- 
face (usually bronze coated steel) with two semi-circular kid- 
ney shaped openings. The two kidney shaped openings are 
connected through passages in the pump housing to the inlet 
and outlet ports of the pump. Depending on the angle of the 
swash plate and the direction of rotation, one kidney 
becomes the inlet port while the other becomes the outlet. 
The cylinder barrel rotates relative to the valve plate, pulling 
oil through the suction kidney as the pistons are retracting, 
and pushing oil from the cylinder barrel through the outlet 
kidney as the pistons are pushed back into their bores. 


4 


CASE DRAIN CONNECTIONS 


The in-line axial piston, unlike the other pumps discussed 
previously, has a separate case drain port. In this pump, high 
pressure oil which leaks past the clearance fits of the pistons, 
and between the running clearance between the valve plate 
and cylinder barrel, collect in the case of the pump. Rather 
than leaking back to the suction side of the pump, the 
leakage oil is returned to the reservoir through a separate 
drain line. In general, the leakage oil provides a second func- 
tion in that it lubricates bearings and other moving members 
in the pump. For this reason it is imperative that the housing 
of an in-line piston pump be filled with hydraulic fluid prior to 
starting the pump, and that the drain port be physically 
oriented upward to assure a permanently oil filled housing. In 
addition, the case drain line should be full sized and plumbed 
so as to prevent siphoning. 

Remember: most in-line piston pumps should not operate 
with a case drain pressure higher than 5 to 15 PSIG. 


PRESSURE LOADED CYLINDER 
BARREL 


To assure high volumetric efficiency, the cylinder barrel must 
be pressure loaded against the surface of the valve plate. 
However, this pressure loading must be a precise balance, so 
that a lubricating film of oil can be maintained between the 
rotating cylinder barrel and the stationary valve plate. If we 
assume that the pump is instantaneously stopped, the 
pressure forces acting on the cylinder can be evaluated. 


In any axial piston pump design, the cylinder barrel must 
necessarily be hydraulically loaded against the valve plate. 
This is simply accomplished by making the net area of % the 


Cylinder Barrel 
(Section A-A) 





Cylinder Barrel 
End View 





total number of piston bores slightly larger than the effective 
area of the pressure kidney. For clarity, if we think of the flow 
area between the piston bore and the valve plate as being 
plugged, it is easy to see that pressure in the cylinder works 
against the area created by % the total number of piston 
bores. This pressure force pushes the cylinder barrel against 
the valve plate on the pressure side of the pump. 


The second force working on the cylinder barrel is related to 
the area of the kidney in the valve plate. This pressure field 
works against the face of the cylinder barrel, and creates a 
force to the left which tends to separate it from the port 
plate. 


The optimum balancing of these pressure forces is achieved 
by designing the kidney area of the valve plate so that it has a 
less effective area than the pressurized area which loads the 
barrel against the plate. Needless to say, the higher the 
system pressure, the higher are the forces holding the cylin- 
der barrel to the valve plate. This, however, does not 
necessarily mean that these two components will always 
maintain proper contact. 


VALVE PLATE AND CYLINDER 
BARREL SEPARATION 


If the pump is being operated at a higher than rated pressure, 
or in a system with high pressure spikes, it is not uncommon 
to have the cylinder barrel actually separate from the valve 
plate. This can cause wire drawing (Chapter 5) and/or 
mechanical damage to these critical surfaces in the pump. 


To explain this phenomonen, we must again refer to the 
illustration which was used to explain the pressure loading of 
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the cylinder barrel against the valve plate. The forces 
developed by the differential areas in the cylinder barrel work 
to the right, and hold the cylinder barrel to the valve plate. If 
the forces working simultaneously to the right are added 
together, the resultant (single) force to the right will act at 
point X at a dimension X, from the circumference of the 
barrel. Likewise, the resultant force of the kidney area can be 
thought of as a single force working at point Y to the left at 
dimension Y, from the circumference. 


Unfortunately, it is difficult, if not impossible, to design a 
pump so that dimension X, exactly equals dimension Y,. 
Since the two forces are out of alignment, a torque (Chapter 
1) is created on the cylinder barrel. This mechanical im- 
balance must be supported by the drive shaft and bearing in 
the pump. Of course, too high an operating pressure or a 
pressure spike can cause mechanical flexing of the drive 
shaft, allowing separation of the surfaces. 





( 3 ) with the separation 
~ force created by the 
kidney in the valve 
plate. 


| ) The pressure 
~ loading force... 












is out of 
alignment... 





counterclockwise 
torque on the 
cylinder barrel... 


E mechanically 
supported. 


Once separation occurs, the cylinder barrel cocks, bearing 
hard against the valve plate at the bottom and separating at 
the top (in reference to the drawing). The lubricating film is 
lost, and rotation causes scoring of the cylinder barrel and 
valve plate. Damage can also occur at the kidney area. Once 
the two surfaces separate, high pressure oil is blown into the 
case of the pump. This oil, travelling at a high velocity, can 
cause erosion of the metal surfaces. To avoid this type of 
damage, it is imperative that the pump not be operated 
above its pressure rating. 
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THE WEAK LINK OF 
IN-LINE PISTON PUMPS 


In order to assure proper pump operation and satisfactory 
service life of the in-line piston pump, you must have a basic 
understanding of the slipper pad bearing design. Without this 
understanding, you might install and use the unit improperly, 
which would soon lead to a catastrophic failure. Basically, 
there are four operating conditions which cause failure of the 
slipper pad bearing. They are: operating with contaminated 
fluid, too much vacuum at the pump’s inlet, excessive case 
pressure, and too high an operating speed. 


Contaminated fluids not only accelerate wear of the valve 
plate and cylinder barrel, but more importantly, they cause 
blockage in critical lubrication passages. The principle of the 
slipper pad bearing is that the hydraulic force which pushes 
the piston towards the swash plate is offset by an equal 
pressure working in the opposite direction. In reference to 
the cross section, you will notice that a small hole through 
the piston’s ball tip ports pressurized fluid between the slip- 
per pad and the swash plate. The slipper pad is designed to 
have an effective area which precisely balances the pressure 
forces on the piston to the right. 





G) If this passage clogs 
with contaminant... 
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forces are lost here... 





Ç ; » which causes slipper pad failure. 


The relatively small holes in the piston keep the volumetric 
efficiency of the pump at a high level. If the pump were to be 
operated in a system with a high level of contaminants, 
“silting” clogs these small passages. This would lead to rapid 
failure of the slipper pad, because both lubrication and bal- 
ancing forces would be lost. 


High vacuum conditions can also lead to catastrophic failure 
of the pump. The in-line slipper pad pump, in general, 


Js 


requires better inlet conditions than any other hydraulic 
pump. The ball and socket joint which attaches the slipper 
pad to the piston, although excellent under compression, 
cannot withstand high tension forces. During suction, the 
retaining ring extracts the piston by pulling on the slipper 
pad. If the vacuum at the pump’s inlet (see Chapter 1) is too 
high, the bronze slipper pad is simply pulled off the ball tip of 
the piston. Unfortunately, this cannot be detected by 
listening to the operation of the pump. The pump continues 
operating until it totally destroys the swash plate area. 


a) Too much vacuum here... 
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L 3 ) causes the slipper 
pad to separate 
from the piston 





( 2 } or too high case 
pressure working 
here... 


Excessive case pressure has the same effect on the ball joint 
as does excessive vacuum at the pump’s inlet. You can see 
in the cross-sectional illustration that these two conditions 
actually work together in damaging the pump. In other 
words, both case pressure and high vacuum resist extraction 
of the piston from its bore. Consequently, both forces must 
be overcome by the retaining ring pulling on the slipper pad, 
and, in turn, on the ball joint. 


To avoid pump damage from either of the two previously 
mentioned reasons, it is advisable that both inlet and case 
drain conditions be optimized. In general, in-line slipper pad 
pumps should, at the very least, be mounted on an L-shaped 
reservoir so that the head pressure of the oil is available to 
force oil into the inlet of the pump. With pumps of large 
displacement, it may even be necessary to “supercharge” the 
inlet. This is typically achieved by mounting an internal gear 
pump of slightly higher displacement (115%) in series with 
the inlet of the in-line piston pump. A supercharge relief 
valve, normally set at an operating pressure of 150 to 300 
PSI, is also necessary. The supercharge pump is normally 
started before start-up of the main pump. 


On the other hand, it is also necessary to provide adequate 
case drain plumbing. The case drain line must be full sized, 
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and returned below the minimum oil level in the reservoir, 
with the shortest run possible. It is important that the case 
drain be connected individually, and not teed to any other 
retum line. If a case drain heat exchange is to be used, it is of 
utmost importance that the heat exchanger be liberally over- 
sized in order to minimize back pressuring of the case. When 
plumbing the case drain, it is advisable that you use a male 
run tee, or another suitable fitting, at the case drain port. 
This will facilitate filling the case of the pump prior to start- 
up. 


Return Line 
To Reservoir 





Filling Pump Housing With Oil 
Before Starting 


Too high an operating speed can also lead to premature 
catastrophic pump failure. During each revolution of the 
shaft, a single piston must be moved from its fully collapsed 
position to its fully extracted position, and then back again. 
During each of the two reciprocating motions, the piston 
velocity changes from zero to maximum, and then back to 
zero, just before the direction of motion changes. Needless 
to say, the piston slipper pad and ball joint are subject to 
considerably strong acceleration and deceleration forces. In 
Chapter 1 we have shown that the force is equal to mass 
multiplied by acceleration. To limit the maximum force, the 
pistons in in-line slipper pad pumps are hollow, solely for the 
purpose of reducing the piston mass. 


On the other hand, the acceleration of the piston is directly 
related to the drive speed of the input shaft. In other words, 
the faster the input speed, the higher is the acceleration and 
deceleration. 


In the pump, acceleration of the piston in the retracted direc- 
tion, and deceleration in the forward direction, causes a ten- 
sion force on the ball joint. If this force is excessive, it can 
cause failure of the joint. 
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BENT-AXIS FIXED 
DISPLACEMENT PUMPS 





A more rugged axial piston pump is available in the bent-axis 
design. In general, this design is capable of higher flows, 
higher pressures, and higher operating speeds. This pump is 
also more suitable for self priming applications. Let us now 
take a look at how it works. 


Radia! seal ring Orive shaft 
haa Housing 
Retai 
etaining ring Gun ndoa 













O-ring 
| Piston-rod assembly 


Leakage port 
Center pin 
Cylinder 


O-ring 
Control plate 


Connection plate 


Bearing set 


The cross-sectional illustration shows the general assembly 
of a fixed displacement bent-axis pump. In a bent-axis pump, 
the cylinder barrel turns with the drive shaft, but at a bent- 
axis angle. Piston rods connect the pistons to the drive shaft. 
You can see that the pistons reciprocate in their bores as the 
distance between the drive shaft flange and cylinder barrel 
changes. In reference to this view, as the shaft is turned in 
the direction of the arrow, the pistons on the left are being 
extracted from the bores, thus creating the inlet condition. 
As the pistons pass top dead center, they are pushed back 
into their bore, forcing an oil flow from the outlet of the 
pump. 
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TRANSFORMATION OF TORQUE 
INTO PRESSURE 


One of the major advantages of bent-axis design pumps is 
that torque from the prime mover is transformed directly into 
the linear piston force. This linear force relates directly to 
system pressure. To further understand this concept, we 
must remember how torque develops pressure in an in-line 
piston pump. 


In in-line designs, the torque input from the prime mover 
creates a force on the cylinder barrel which -causes it to 
rotate. The cylinder barrel, in turn, transmits this force as a 
lateral force against the sides of the pistons. On the pressure 
side of the pump, this lateral force drags the slipper pad 
assembly up the ramp of the swash plate. Through this 
somewhat complicated transmittal of forces, an unwanted 
force is created, which tends to cock the piston in its bore. 
This accelerates wear, and increases the mechanical inef- 
ficiency of the pump. This problem is better explained in the 
illustration, which exaggerates the problem for the sake of 
clarity. 


Valve Plate 





Rotation Swash Plate 


F, and F, = Torque transmittal to piston 
F, = Reaction force of swash plates on piston 


F, = Horizontal component of reaction 
force F, (develops pressure) 


F, = Vertical component of reaction force 
(drag) 


Force Diagram Of An In-Line Pump 


Unlike the in-line piston pump, the bent-axis pump trans- 
forms torque directly into the linear force creating pressure. 
The torque from the prime mover works first on the ball joint 
connecting the piston rod to the drive shaft. The only 
resistance to the rotational force is that developed by system 
pressure over the area of the piston. This is true since the 
piston must be pushed into the bore if rotation is to occur. 
The force diagram is shown in the illustration. It is important 





F, = Force created by torque 
F, = Resultant force (develops pressure) 
F, = Reaction force absorbed by bearings 


Force Diagram Of A Bent-Axis Pump 


to remember that the lateral side loading of the piston is not 
directly involved in creating a linear force on the piston. The 
piston rods do not transmit anymore torque than is 
necessary to cause acceleration of the mass of the cylinder 
barreland to overcome the resistance of the barrel, spinning 
in an oil filled housing. 


BETTER SUCTION CAPABILITIES 


The bent-axis pump is far more suitable for use in self- 
priming applications than is the in-line piston design. To bet- 
ter understand this concept, you.must consider several fac- 
tors. They include the piston’s capability to handle tension 
forces caused by vacuum at the pump’s inlet, and the size of 
the inlet porting. Let us now examine these. 


Earlier we explained how high vacuum can separate the slip- 
per pad from the piston in in-line piston pump designs. This, 
however, is not a problem with bent-axis piston equipment. 
First, the piston is joined to the piston rod by a cold rolling 
process. As shown in the picture, this forms a close tol- 
erance ball joint which is extremely suitable for transmittal of 
tension forces. In addition, the opposite end of the piston rod 





is a ball joint, which is bolted to the drive shaft flange with a 
retaining ring. 


Working together, these two ball joints are quite strong, and 
can withstand considerable tension forces. Consequently, 
the bent-axis pump can develop high vacuum conditions in 
the cylinder barrel without fear of mechanical damage. In 
fact, a typical bent-axis pump can create a vacuum 
equivalent to nearly nine inches of mercury, and is capable of 
pumping a fluid viscosity of up to 4600 SUS during cold 
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In considering self-priming applications, you will find that a 
second advantage is that the inlet porting can be made much 
larger than it can with an in-line piston design. In the cross- 
sectional illustration, the valve plate is located at the end of 
the rotary group. Unlike those in in-line piston 
pumps, the valve plate (and cylinder barrel) in this design can 
be much smaller in diameter, since a large drive shaft does 
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not pass through its center. As shown, this allows both the 
inlet and outlet kidneys to be located closer to the center of 
revolution. In turn, this offers several major benefits. 


First, by locating the kidneys close to the center of 
revolution, the relative centripetal speed between the rotating 
cylinder barrel and the stationary port plate is considerably 
reduced. This has the result of minimizing the turbulence 
(resistance to flow) in the oil flow as it passes from the 
stationary valve plate into the rotating cylinder barrel, which 
improves filling of the pumping chambers. 


The second advantage of locating the kidneys close to the 
center of revolution is apparent in the picture of the valve 
plate. You can see that each kidney has a wider cross- 
sectional flow area. Needless to say, this lessens the 
resistance to flow as oil enters the cylinder barrel, and also 
improves filling. 


The third advantage is that the angle drilling of the passage 
to the cylinder barrel, creates a centrifugal force on the oil. In 
principle this centrifugal pump effect actually increases the 
pressure in the fluid. The increase in pressure is directly 
proportional to drive speed, and aids in filling the pumping 
chamber, particularly at higher RPM levels. 
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Let us go back for a moment to our previous discussion of 
hydraulic loading of the cylinder barrel to the valve plate for 
in-line piston pumps in order to consider a few important 
points. It is important to remember that the area of the kid- 
ney is precisely limited. We emphasize the word precisely 
because the area of the kidney produces a separation force 
which must be smaller in magnitude than the hydraulic 
loading force within the cylinder barrel. Consequently, a 
bent-axis piston design for a given size can have a wider flow 
area, but must have an equivalent kidney area. The drawing 
may be helpful in comparing the kidney shaped openings of 
the bent-axis and in-line piston pumps. 


HYDRAULIC LOADING OF 
THE CYLINDER BARREL 


In bent-axis design pumps, the proper cylinder port location 
can offer significant advantages in improving the suction 
characteristics of the pump. However, in moving the kidneys 
close to the center of rotation, the balancing of forces 
becomes somewhat more difficult (see “VALVE PLATE 
AND BARREL SEPARATION,” as discussed for in-line 
piston pumps). 


You can easily understand that moving the kidney area 
closer to the center of rotation increases the separation of 
the resultant forces which act on the cylinder barrel. Unless 
something can be done to compensate for the increased 
torque created on the cylinder barrel, valve plate separation 
will become more of a problem. 


THE SPHERICAL VALVE PLATE 


The spherical surface of the valve plate used in many bent- 
axis pumps prevents the possibility of port plate separation. 
However, instead of trying to hold the cylinder barrel in 
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be far better, from an efficiency standpoint, to select a 
smaller 4 GPM pump for this application. 


PRESSURE ADJUSTMENT FOR 
DIRECT OPERATED VARIABLE 
VOLUME VANE PUMPS 
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The graph represents a typical pressure versus flow relation- 
ship for a direct operated vane pump. It must be noted that 
the shape of this curve depends greatly on the spring selec- 
ted for a given operating pressure. The initial, more gradual 
decrease in flow from minimum pressure to the point just 
prior to pump compensation is solely a function of internal 
pump leakage. Up to the cutoff point, the spring constant is 
stiff enough so that there is no spring displacement, hence 
no decrease in flow because of a change in the cam ring’s ec- 
centricity. 


Spring displacement begins at the point where flow begins to 
drop off drastically with respect to rising pressure. The steep- 
ness of this drop off (or the pressure difference between 
maximum and minimum flow} depends on the stiffness of 
the spring. To cover different pressure requirements in the 0 
—1500 range, four different springs are normally available. 
Since a single spring can only give optimum performance 
within a specific pressure range, it is important that you 
select the proper spring. The comparison indicates the 
proper spring selection for a typical 900 PSI operating 
pressure. 


In this comparison, you will notice that the spring, which 
gives optimum performance at the 1500 PSI pressure, is 
inadequate for operating at 900 PSI. As this high pressure 
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spring is adjusted for lower and lower operating pressures, 
the pressure span between cutoff and deadhead becomes 
broader. We must, of course, limit this pressure differential, 
since the output speed of the actuator(s) is drastically af- 
fected between cutoff pressure and deadhead pressure. If the 
pressure span is too great, pressure requirements of the 
system could allow the actuator to operate at a reduced 
speed between maximum flow and deadhead. Ideally, this 
should not occur in a pressure compensated system. 


Generally speaking, the direct operated pressure com- 
pensated vane pump displays the best pressure versus flow 
curve when it is operated at the maximum pressure rating of 
the spring. When set at a lower pressure, the cutoff toward 
the deadhead portion ofthe curve becomes more gradual. 


The spring should never be adjusted below 50% of its 
maximum pressure rating. If, for some reason, your system 
operates at a different pressure from that originally 
calculated, it is sometimes possible to simply exchange the 
spring. However, you must consult with the pump manufac- 
turer, since pump clearances and timing of the port plate 
may also influence the operating pressure capabilities of the 
pump. 


THE PILOT OPERATED 
PRESSURE COMPENSATED 
VANE PUMP 


The pilot operated pressure compensated vane pump is 
similar to the direct operated model. It does, however, in- 
corporate some unique features which allow for better per- 
formance characteristics, higher flows, and higher pressures. 
Since the pump is pilot operated, the design engineer can 
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select from any number of pump controls. However, we will 
postpone discussion of the various controls until later in this 
chapter, and study this pump in conjunction with the basic 
pressure compensated control. 


pilot valve. When system pressure overcomes the setting of 
the pilot spring, the larger control piston area is vented to 
tank. The small piston, which is still pressurized, is then able 
to push the cam ring into a concentric no-flow position. This 
position is then maintained until the system pressure is again 
reduced below the setting of the pilot spring. At this point, 
hydraulic loading of both control pistons is re-established, 
and the cam ring moves back to a flow position. 


The pilot operated variable volume vane pump is suitable for 
higher pressure and higher flows than its direct operated 
counterpart.. Generally speaking, direct operated pressure 
compensated vane pumps are limited to 1500 PSI operating 
pressure; and maximum flows of up to 20 GPM. Pilot 
operated versions, on the other hand, are capable of 
operating pressures of up to 2400 PSI, with flow capabilities 
as high as 60 GPM. You will notice that the pilot operated 
pump incorporates dual vane construction. In addition, the 
pump’s volumetric efficiency is increased due to pressure 
loading of the wear plates. Since these features were 
discussed for fixed displacement pumps earlier in this chap- 
ter, they will not be covered again. 
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As shown in the cross-sectional illustration, the cam ring is 
sandwiched between two control pistons. The larger piston, 
on the right, has twice the effective area as the piston on the 
left, and is assisted by a light spring force (250-375 PSI). 
During start-up, this spring force holds the cam ring in an ec- 
centric position, and the pump begins displacing fluid. As the 
pump meets a resistance to flow, the two control pistons and 
the end of the spool in the direct operated sequence/ 
unloading valve are equally exposed to system pressure. As 
long as the spring setting of the pilot valve is not exceeded, 
pressure on the two pistons (with a 2:1 area ratio) keeps the 
cam ring eccentric to the rotor, and the pump displaces fluid. 


System pressure is set by adjusting the spring force of the 
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PERFORMANCE CHARACTERISTICS 
OF PILOT OPERATED VANE PUMPS 


The pilot operated pressure compensated control displays 
much better pressure versus flow characteristics than does 
the direct operated version. The reason for this is twofold. 
First, the pump has higher volumetric efficiency because of 
the pressure loaded wear plates. Second, the pilot operated 
control is not directly influenced by a spring constant. We 
can easily see the improved performance when we compare 
the pressure versus flow curves for the two pumps. 
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Comparison of Direct and Pilot Operated 
Pressure Compensated Vane Pumps 
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The graph consists of superimposed pressure versus flow 
characteristics of direct and pilot operated pressure com- 
pensated vane pumps. You will notice that both pumps are 
approximately the same displacement, since they both 
deliver nearly equal flows at low pressure. The comparison 
shows two major differences between these two pump 
designs. First, the effects of pressure loaded port plates and 
dual vane construction are readily apparent. The pilot 
operated pump has better volumetric efficiency charac- 
teristics than does the direct operated design. For this 
reason, there is less decrease in flow with increasing 
pressure, and the initial slope of the pressure versus flow 
graph for the pilot operated vane pump falls off more 
gradually. 


The second advantage of the pilot operated pressure com- 
pensated vane pump is that its pressure versus flow curve is 
not affected by the pressure setting. The graph shows that it 
does not matter whether the pilot operated pump is set at 
500 PSI or 1500 PSI. The pressure differential between the 
cutoff point and deadhead is always the same. For the same 
reasons that a pilot operated relief is not affected by pressure 
override (Chapter 2), the pilot operated pressure com- 
pensated vane pump has less pressure differential between 
cutoff and deadhead. 


NOISE TUNING OF VARIABLE 
VOLUME VANE PUMPS 


The variable volume vane pump (either direct or pilot 
operated) is probably the only pump which can be field ad- 
justed for optimum noise level. The theory which we are 
about to explain applies to virtually all variable volume vane 
pumps. However, because this adjustment influences the 
pressure versus flow characteristics and can cause 
catastrophic pump failure, we are discussing the following 
procedure for educational purposes only. You should consult 
the pump manufacturer prior to making any noise ad- 
justments on your pump. Let us now look at the theory of 
noise adjustment. 


As the pump transfers oil from the suction to the pressure 
kidney, there is a point at which the volume of oil between 
adjacent pairs of vanes becomes captive. Also, during this 
crossover period, the captive volume can be made to 
decrease in size. By adjusting the amount of volume change, 
the pressure in the captive fluid can be made to equal the 
pressure in the system. Matching this precompression 
pressure with system pressure results in a smooth crossover, 
which results in extremely low operating noise levels. Ob- 
viously, this smooth crossover due to pressure match can be 
optimized only for one specific system pressure. Since most 
pumps are factory set at the maximum pressure rating of the 
pump, the noise adjustment must be field tuned for optimum 
noise level. This tuning is accomplished by sight adjustment 
of the cam ring thrust screw. 


The cross-sectional illustration of a typical variable volume 
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Noise Adjustment For Variable Volume Vane Pumps 


vane pump makes our explanation more graphic. As shown, 
the thrust screw does nothing more than adjust the vertical 
position of the cam ring with respect to the rotor and the port 
plate. This changes the cam ring’s eccentricity in a vertical 
sense, which, in turn, adjusts the volume change during the 
crossover period. A clockwise rotation of the thrust screw 
(downward displacement of the cam ring) causes a more 
radical volume change, and, therefore, a higher precom- 
pression pressure. Turning the screw counterclockwise 
causes a decrease in precompression pressure by lessening 
the volume change. 


Remembering that the ideal noise level is achieved when 
there is no explosion or implosion of the precompressed 
fluid, we can understand why the pump can be noisier in a 
flow condition than in deadhead, or vice-versa. Since noise 
adjustments are, out of necessity, a compromise, the thrust 
screw can be set with the pump in its normal operating 
mode. That is, if the pump operates a high percentage of the 
time in deadhead, the thrust screw can be adjusted in the no- 
flow condition of the pump. On the other hand, if the pump 
is more often pumping fluid at a lower pressure, the thrust 
screw can be set in a flow condition of the pump. This, 
however, will sacrifice the pump’s optimum noise level when 
in the deadhead no-flow mode. 


Finally, if we consider the fact that fluid is not compressible, 
we can understand the fact that very minute changes in the 
pre-compression volume drastically affect the precom- 
pression pressure. In discussing thrust screw adjustments, 
we are talking about only a +60° rotation of the thrust screw 
from the factory marked center position. Minimum to 
maximum adjustment should not exceed a 120° rotation. 
Radical over-adjustment will cause poor pressure versus flow 
characteristics and possible catastrophic failure of the pump. 
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ELECTRIC MOTOR SIZING FOR 
PRESSURE COMPENSATED 
PUMPS 


Farlier in the chapter, we discussed the calculation of the 
horsepower needed to drive a hydraulic pump, namely: 


HP = GPM x PSI 
(1714 xE, 


Where: GPM = Actual Flow Output 
PSI = Maximum System Pressure 
E, = Overall Pump Efficiency 


For any fixed displacement pump, you must calculate the 
horsepower for the full flow at maximum pressure, and then 
size the electric motor accordingly. This, however, is not 
necessarily mandatory with pressure compensated pumps. 


The major advantage in selecting a pressure compensated 
pump is that the control produces only the amount of flow 
needed by the operating conditions of the system. In systems 
using flow controls to control actuator speed, the excess 
flow over the relief valve in a fixed displacement pump circuit 
is replaced with a pump control which simply does not 
generate an excess flow. Consequently, by eliminating this 
flow across the relief valve, the energy consumption and sub- 
sequent heat generation can be drastically reduced 
(estimating heat generation is discussed in Chapter 1). 


The ability of the pump to produce full system pressure at 
no-flow unloads the electric motor in the same manner as 


does a fixed displacement pump when pumping full flow at 
no pressure. However, holding pressure at no flow offers 
definite advantages. 


If we consider cylinder actuators, we find that the duty cycle 
often does not require full flow and full pressure 
simultaneously. In many applications, the cylinder first 
travels through “free air,” then does its work on the load. 
After completion of the work, the cylinder may be required to 
maintain a holding force on the load, or it might be possible 
to retract the cylinder to its fully collapsed position. In either 
situation, maximum pressure and flow are required 
simultaneously only when the work is being done. During 
“free air’ extension and retraction, there is virtually no load, 
and consequently, no pressure. If a holding force on the load 
is required, or if the cylinder is fully retracted, there is full 
pressure but no flow. In contrast to the fixed displacement 
pump, the pressure compensated pump draws very little 
horsepower. If the work portion of the cycle is short in 
duration, and sufficient time is available between con- 
secutive work functions, we can “cheat” on the horsepower 
rating of the electric motor. 


The most common electric motor for industrial hydraulic 
systems is the NEMA (National Electrical Manufacturers 
Association) design B. A three phase design B electric motor 
will produce a starting torque which is at least 200% of its 
maximum continuous running torque specifications. For 
short periods of time, it can produce up to 200% of its con- 
tinuous torque rating before stalling, or dropping in speed. 
We must emphasize the word short because the higher than 
normal current in a motor which continuously operates 
above its rating will cause overheating and the eventual burn 
out of the electric motor. Let us now consider the capability 
of the electric motor in conjunction with the needs of the 
pressure compensated pump. 


The graph shows a typical horsepower curve for a pressure 
compensated pump. The upper curve represents the flow 
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conditions of the pump, and shows that, for the flow rating 
of the pump, as the pressure increases, so do the 
horsepower requirements. Up to the cutoff point of the 
pressure compensator, this curve is identical to that of a 
fixed displacement pump. The difference is that when the 
pressure compensator, reduces pump displacement, the 
horsepower requirements drop off quickly to the lower limit. 
This lower limit is call deadhead horsepower (in red on the 
graph). It represents the mechanical and volumetric in- 
efficiencies of the pump, and indicates the total amount of 
heat generated during no-flow conditions. If it were possible 
to make a pump with 100% efficiency, the deadhead 
horsepower would be zero. 


More importantly, the graph indicates that the full, 10 
horsepower draw occurs only at a system pressure of 1400 
PSI. In relation to our previously described cylinder actuator, 
the 10 horsepower demand on the electric motor would be 
required only during the work portion of the duty cycle. 
During the other portions of the cycle, a 10 horsepower elec- 
tric motor would be operating considerably below its 10 
horsepower rating. In consideration of the overload charac- 
teristics of the electric motor, it is acceptable design practice 
to use a smaller electric motor. 


In this application, a 7/2 horsepower electric motor would 
create the required torque to attain the 10 horsepower level 
with a 33% overload. Assuming a short enough work cycle, 
this overload would not seriously overheat the electric motor. 
Besides, if there is sufficient time between overload periods, 
the motor will be able to rid itself of the heat generated during 
the overload portion of the cycle. In fact, if the overload oc- 
curs only to get the pressure compensated pump over the 
“hump” of the pump’s horsepower curve, the overload would 
normally be in the range of only 50 to 100 ms. This type of 
overloading occurs when the cylinder bottoms out after 
travelling through “free air” or after doing work at a rate 
below the horsepower rating of the electric motor. 


At this point, however, we must refer you to your motor sup- 
plier for recommendations on. satisfactory limits of electric 
motor overloading. There is no good rule of thumb which we 
can offer since there are too many variables which must be 
considered. The variables include ambient temperature, 
altitude of operation, motor design, and the service factor of 
the motor selected. 


From an electric efficiency standpoint, electric motors are 
generally more efficient when operated at their full horse- 
power rating. An unnecessarily large electric motor may be 
less efficient in conserving electrical power than a motor 
which has been intentionally undersized. 


In summary, undersizing the electric motor requires a com- 
plete understanding of the system duty cycle. Generally 
speaking, we can only consider this undersizing if the cylin- 
der actuator overloads the system for brief time periods. 
Generally, we cannot consider undersized electric motors for 
use with hydraulic motor circuits which use pressure com- 
pensated pumps. The reason for this is that the hydraulic 
motor could conceivably operate at pressures and flows near 
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the cutoff point of the pressure compensator for extended 
time periods. At this point on the curve, the pressure com- 
pensated pump would draw its maximum power from the 
electric motor. 


VARIABLE DISPLACEMENT 
IN-LINE PISTON PUMPS 
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The in-line variable displacement piston pump develops flow 
and pressure in the same manner as its fixed displacement 
counterpart, as was discussed earlier in this chapter. The 
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major difference is that the angle of the swashplate can be 
changed rather than being at a fixed angle. 


The housing of a variable displacement in-line piston pump 
has a yoke which is supported by pintle bearings. As shown, 
the yoke’s position is controlled by a double acting single rod 
cylinder. The cross-sectional illustration shows the posi- 
tioning cylinder in the fully extended position. In this position 
of the swashplate the pistons on the top are fully retracted, 
while the lower pistons are fully collapsed in their bores. 
Assuming clockwise rotation (when looking at the shaft end), 
the inlet would be port A, while the outlet would be port B. 


The photograph of the cut-away pump shows the positioning 
cylinder at mid stroke. This positions the swashplate in the 
vertical position (perpendicular to the rotational axis). In this 
position of the swashplate there is no incline, and the pistons 
cease to reciprocate in their bores. This results in no flow, 
since the piston creates no displacement volume during 
rotation. 


In using this pump in a closed loop circuit, you achieve flow 
reversal when the positioning cylinder is fully retracted. In 
this position, the piston on top of the pump would be fully 
collapsed, while the pistons on the bottom would be fully 
retracted in their bores. With the same direction of rotation, 
the flow direction is reversed. 


The in-line piston pump can be used in either open or closed 
circuit applications. It is not generally recommended for half 
closed circuitry, since the suction characteristics of in-line 
piston pumps are, at best, marginal. For open circuit ap- 
plications, the stroking cylinder incorporates a mechanical 
stop so that the displacement can be varied only on one side 
of center. Closed circuit controls, on the other hand, make 
use of the full stroke length of the positioning cylinder. This 
allows the pump’s displacement to be infinitely varied for 
either direction of flow in the closed-loop circuit. Various 
controlling means will be discussed in general later in this 
chapter. 


THE HYDROSTATIC 
TRANSMISSION IN-LINE 
PISTON PUMP 


The in-line piston pump, as discussed up to this point, can be 
used either in open or closed loop applications. However, if a 
closed loop circuit is used, it is the responsibility of the 
design engineer to select the necessary components for 
proper closed circuit operation. The minimum components 
list includes: supercharge pump, supercharge relief, two 
make-up check valves, and two cross port relief valves. He 
must also choose the pump with the proper porting, so that 
both main ports can sustain high pressure operation. (Some 
in-line piston pumps are supplied specifically for open circuit 
application since they have a larger low pressure inlet port). 
Let us now take a look at the differences between a standard 
in-line piston pump and a hydrostatic transmission pump. 


* 


As shown in the simple circuit schematic during extension of 
the cylinder, the pump must create a larger flow from its left- 
hand port than is being returned to its right-hand port from 
the cylinder actuator. 
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The extra oil is drawn by the pump from the reservoir 
through the suction check valve, which is an integral part of 
the pump. 


When the pump control causes the pumping assembly to go 
over center, flow is reversed and the cylinder begins retrac- 
ting. During retraction, the differential area causes a larger 
flow than needed at the inlet of the pump. The excess flow is 
unloaded to the reservoir by means of the unloading valve. 
This unloaded flow to the reservoir provides for an oil ex- 
change in the closed portion of the circuit, which allows for 
filtering and cooling of the fluid. 


OPEN CIRCUIT DIRECT 
OPERATED PRESSURE 
COMPENSATED VANE PUMPS 





Manifold Mounted Vane Pump 


The open circuit pressure compensated vane pump is 
probably the most popular variable displacement pump used 
in industrial hydraulic systems. Because the direct operated 
variable volume vane pump is only available with a pressure 
compensated control, we must discuss the operation of the 
pump and it control as a single unit. 


The cross-sectional illustration (page 6-26) shows the basic 
direct operated variable volume pressure compensated vane 
pump design. Unlike its fixed displacement counterpart, the 
variable volume model is not hydraulically balanced. In this 
pump design, the cam ring is round rather than elliptical in 
shape. As shown, the pump displaces fluid because the 
spring holds the cam ring in an eccentric position with 
respect to the rotor. Assuming that the pump shaft is being 
rotated in a clockwise direction (viewed from the shaft end), 
you can see that the vanes reciprocate in their slots as the 
rotor is turned. Because of the eccentricity of the cam ring, 
the vanes are collapsed in their slots on the right-hand side of 
this drawing, and extend as they are rotated past the suction 
kidney (shown in green) to the left. As the vanes rotate 
through the upper portion of the pump housing, they are 
again collapsed in their slots, forcing an oil flow from the 
outlet of the pump. 


The reason the variable volume pump cannot be 
hydraulically balanced is that the pressure forces between 
the cam ring and the rotor are an integral part of the pump 
control. As the pump encounters a resistance to flow into the 
system, pressure builds at the pump outlet and between the 
rotor and the circular cam ring. Because of the geometry of 
the pump and the location of the pressure kidney, the 
resultant force due to this pressure pushes the cam ring up 
and to the right. When the horizontal component of the 
pressure force exceeds the force due to the spring, the cam 
ring moves to the right, toward a concentric position with 
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respect to the rotor. Needless to say, when the ring becomes 
concentric with the rotor, the pump ceases to deliver flow 
because the vane has no throw. 
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MAXIMUM VOLUME CONTROL 


The maximum volume control is nothing more than an ad- 
justable mechanical stop which limits the eccentricity of the 
cam ring. As discussed for the fixed displacement vane 
pump, the pump’s displacement is related directly to the 
throw of the vanes. In reference to the previous cross- 
sectional illustration, if we limit the eccentricity, we are also 
limiting vane throw, and consequently, the maximum 
displacement of the pump. 


Generally speaking, the stroke limiter is intended for match- 
ing the pump to the flow requirement of the system in 
which it will operate. It is not intended for frequent flow 
(speed) adjustment. Should this be required, the stroke 
limiter can be replaced with a manual hand wheel adjustment 
option. 


It should be noted that most stroke limiters are capable of 
adjusting the cam ring to nearly a no flow position. However, 
if the maximum pump flow is adjusted to less than 50% of 
the maximum flow capability of the pump, the volumetric ef- 
ficiency will drop to undesirable levels. If, for instance, we 
consider a 10 GPM pump which displays a volumetric ef- 
ficiency of 90% at 1500 PSI, the pump would effectively 
pump 9 GPM and leak 1 GPM from its case drain. If we now 
limited the stroke of this pump to 4 GPM maximum flow, we 
would find that the pump still leaks 1 GPM from its case 
drain at 1500 PSI. This is true because pump leakage is 
strictly determined by pressure and pump clearances. Of 
course, neither of these are effected by limiting the pump’s 
displacement. Consequently, our 4 GPM pump which leaks 
1 GPM displays a volumetric efficiency of only 80%. It.would 


position by sturdy shafts and bearings, the spherical port 
plate attacks this problem in a different manner. The theory 
behind the spherical port plate is that separation forces do 
exist. At some pressure peak, these forces can and will cock 
the cylinder barrel, no matter how sturdily it is supported. 
The spherical port plate simply self-compensates for the 
deflection caused by the unbalanced pressure forces. 


The illustration shows the force diagram for a bent-axis 
design pump incorporating the spherical port plate design. 
First, you will notice that the connection between the cylin- 
der bore and the port plate is drilled at an angle in order to 
locate the passage close to the center of revolution. As 
shown, the force due to the kidney area is further off center 
because of the drilling, but it works in a direction which is 
perpendicular to the tangent of the spherical surface. 
Second, the loading force due to the pistons works parallel to 
the axis of rotation in the direction shown, and is slightly 
larger in magnitude than the horizontal component of the 
force due to the kidney area. The off center moment is the 
vertical component of the kidney area force, and it is this 
force which must be supported by the center pin. 


As operating pressures increase, this off center moment 
necessarily becomes larger in magnitude. However, if the 
moment becomes large enough to cause an elastic defor- 
mation of the center pin, the cylinder barrel will relocate on 
the spherical surface of the port plate. 


RADIAL LOADING OF THE 
DRIVE SHAFT 


In general, most hydraulic pumps do not have bearing struc- 
tures sufficient to support radial loads on the input shaft. 
Consequently, if the application requires a gear, chain or 
V-belt drive for the pump, it is usually necessary to drive the 
pump with a jack shaft drive. The pillow block bearing sup- 
ports the jack shaft and can absorb the radial forces, while 
torque is transmitted to the pump through the use of a 
flexible shaft coupling. 


The bent-axis design pump is one of a few pumps in which 
radial loading of the drive shaft is permissible. In fact, if the 
direction of the radial force on the drive shaft is oriented 
properly, the external radial load will offset the internal 
bearing load due to the pumping mechanism. We ask, 
however, that you consult the manufacturers recom- 
mendations before using any pump in this type of ap- 
plication. 


VARIABLE DISPLACEMENT 
PUMPS 


The variable displacement pump offers several advantages 
to the hydraulic circuit simply because the displacement (out- 
put flow) of the pump can be changed. This change of 
displacement can be accomplished simply through ad- 


justment, or it can be totally automated and interfaced with 
computerized programming. We could not stay within the 
scope of this text if we were to discuss the exact operation of 
each control for all the different pump designs available. For 
this reason, we will discuss the mechanics involved in 
varying the displacement of vane and piston equipment. The 
actual control and its intended application will then be 
discussed as related to the variable displacement pump in 
general. Before we discuss the different types of pumps and 
controls, however, we must gain a basic understanding of 
the types of circuits in which the variable volume pumps can 
be used. Let us now compare the characteristics of the three 
different types of pump circuits, open, closed, and half- 
closed circuits. 


OPEN PUMP CIRCUITS 


The discussion in Chapter 1 involving the inlet conditions for 
hydraulic pumps was based on the assumption that the 
pump was to operate in an open circuit, even though this 
term was not actually used. In open circuit applications, the 
pump draws fluid from a reservoir and pushes this fluid into 
the hydraulic system. After passing through the control valve 
circuitry and the actuator, the fluid retums to the storage 
reservoir. The reservoir is sized so that it will hold a 
minimum of three times the volume which can be displaced 
by the pump in one minute. Typically, a thirty gallon per 
minute pump would be mounted on a 90 gallon reservoir. 


A pump which is used in an open circuit pumps oil in only 
one direction. For this reason, it is normally supplied with a 
large diameter low pressure inlet port, and a smaller high 
pressure outlet. In open circuit design, the direction of the ac- 
tuator’s motion must be accomplished through the use of 
directional control valves. 


Holding 
Reservoir 





Open Circuit 
The open circuit is by far the most popular. Its advantage is 
that, in this design, several different actuator functions can 
be performed simultaneously, if necessary, by a single pump. 
The reservoir’s top plate can also be used as the foundation 


6-23 


for building the entire hydraulic unit. In this type of self- 
contained system, oil conditioning can be optimized by 
proper reservoir design and use of the proper conditioning 
equipment. In fact, the only disadvantage to open circuit 
design is its relatively large size and weight, due to the large 
volume of oil required. 


CLOSED PUMP CIRCUITS 


The closed circuit design eliminates the need for a large 
storage volume of oil. Although this feature is more im- 
portant to mobile equipment than it is to industrial 
machinery, there are a large number of closed circuit pumps 
used in industrial hydraulics. Even though this circuit 
requires special pumps (normally piston pumps) and pump 
controls, it does offer several advantages. Let us first look at 
how it works. 
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Closed Circuit 


In this closed circuit design, a single hydraulic pump is used 
to drive a single hydraulic motor. The closed circuit has little 
or no significance for cylinder actuators which displace dif- 
ferent volumes during extension and retraction. The reason 
for this is that the oil which passes through the motor ac- 
tuator is returned directly to the low pressure side of the 
pump. For proper operation, the pump must receive the 
same quantity of oil at its inlet as it is pumping from its 
outlet. 
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The closed circuit is always used in conjunction with a 
smaller supercharge circuit. The supercharge circuit consists 
of a small fixed displacement pump (usually 15% of the 
displacement of the main pump), a small oil reservoir, and 
the necessary fiters and heat exchangers. 


During operation, the main pump control can cause the 
pump’s displacement to go over center, which means that 
the main pump can pump high pressure oil from either of its 
two main ports. In other words, it can cause a clockwise or 
counterclockwise flow of fluid through the closed loop 
plumbing. This, in turn, will allow the motor actuator to 
operate in either direction of rotation. The port which serves 
as the high pressure inlet to the actuator will determine the 
high pressure leg, while the low pressure leg will be deter- 
mined by the actuator’s outlet port. 


The supercharge circuit always works on the low pressure 
leg of the main loop pumping freshly filtered oil into the loop 
through the make-up check valve network, while bleeding-off 
a percentage of oil through the hot oil bleed valve. This hot 
oil is then cooled by a heat exchanger and stored in the small 
reservoir before returning to the main system. The pressure 
in the low pressure leg is maintained at a value of between 
100 and 300 PSI by the supercharge relief valve. The 
pressure setting of the supercharge relief is determined by 
the requirements of the pump and/or motor actuator, and the 
operating conditions of the system. 


In closed loop circuits, pressure, flow, and directional control 
are all achieved by the controlling element of the pump. The 
crossport reliefs are incorporated only to protect the actuator 
from load induced pressure peaks. They cannot function as 


a main system relief valve, since this would, in short order, 
cause severe over heating of the circuit. 


The advantages of a closed circuit pump system are that 
high horsepower systems are compact, and they operate 
with minimum amount of excess storage oil. The systems 
are highly efficient since the pump control must be designed 
to supply only the oil flow required by the actuator at the load 
induced pressure. The pump controls direction, acceleration, 


deceleration, and maximum speed and maximum torque of 


the motor actuator, thus eliminating the need for pressure 
and flow control components. 


The major disadvantage of closed circuit systems is that a 
single pump can only operate a single output function. In ad- 


dition, this type of hydraulic drive is generally usable only 
with motor actuators. 


THE HALF-CLOSED CIRCUIT 


In general, the features of half-closed circuitry are available 
only in a bent-axis design piston pump. The half-closed cir- 
cuit is quite similar to the closed circuit except for the fact 


that it can be used with cylinder actuators with differential 
areas. 





Positioning Internal Gear in-line piston design is that the pistons are at a slight angle to 
Cylinder Supercharge Pump the axis of rotation rather than parallel to it. This slight angle 
L Spherical l (5°) uses the centrifugal force on the piston to its best ad- 
Port Plate vantage. We have already explained how too high a drive 
speed related to the mass of the piston can cause separation 
of the piston from its slipper pad. This also explains why the 
pistons on most in-line piston pumps are hollow. This design 
hydrostatic transmission pump is influenced differently 
because of its different geometry. 





Because it is not hollow, the piston mass of the hydrostatic 
transmission is increased. Rotation of the drive shaft causes 
a centrifugal force on the piston which tends to retract the 
piston in its bore. The axial component of this force is ap- 
plied on the slipper pad and ball joint, and tends to keep the 
slipper pad in contact with the swash plate. This allows the 
In-Line Piston Closed Circuit pump to operate at the high drive speeds of internal com- 


Rotary Group Valve Housing — engines without fear of damage to the slipper pad 
aring. 


Swashplate 


Control Housing This Force Component 
Supercharge Relief Keeps The Slipper Pad 
Centrifugal Force In Contact With The 


On Piston Swash Plate At High 
K Drive Speeds 





: Cross Port Reliefs 





Hydrostatic Transmission Pump 
— pa This Bearing Absorbs 

The hydrostatic transmission pump is designed specifically Radial Shaft Loads 
for closed circuit applications, because it includes all the 
necessary components within the main pan — As 
shown, the heart of this pump consists of a special variation 
of the basic variable displacement in-line piston rotary group. THE OPEN CIRCUIT BENT-AXIS 
Apart from the main rotary group and its positioning cylin- PISTON PUMP 
der, the hydrostatic transmission also includes an internal 
gear pump for supercharging the closed loop circuit. In ad- 
dition, the supercharge relief, cross port reliefs, and make up 
check valves are incorporated in the closed circuit valve 
housing attached to the rear portion of the pump. 


The hydrostatic transmission pump is designed primarily 
for hydrostatic drive on mobile equipment. For this reason, it 
must be sturdy enough to withstand the constant speed 
variations and relatively high drive speeds of internal com- 
bustion engines. Likewise, the drive shaft must be able to 
withstand the radial loading forces generated by gear or v- 
belt drives. 





With respect to the rotary group, the major difference be- 
tween this hydrostatic transmission pump and the standard Open Circuit Bent-Axis Piston Pump 
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View Of The Rear Cover And Valve Plate 
From The Cylinder 


The lens shaped valve plate communicates flow from the 
suction port located in the rear cover to the cylinder barrel. 
As shown, the suction slot in the rear cover provides a full 
flow passage at any swivel angle. Pressurized flow passes 
from the cylinder barrel, through the pressure kidney and 
pressure slot, to «the outlet port of the pump. This 
arrangement allows the pump to create a vacuum equivalent 
to 6 inches high without fear of pump damage. 


Finally, it is important to mention the fact that this pump 
design does not require a separate case drain line. You will 
notice that leakage oil, which lubricates the bearings, is 
collected in the housing of the pump. Since the housing and 
suction inlet are inter connected, the leakage oil simply 
passes to the low pressure inlet of the pump. However, due 
to the fact that the housing and inlet port are inter connected, 
some mounting precautions are advisable. 


In general, gear, fixed displacement vanes and any other 
pump type which internally drains its case to the inlet side of 
the pumping mechanism possess a potential problem when 
mounted on top of the oil reservoir. This problem stems from 
the fact that it may be easier for the pump to pull air through 
its shaft seal, than to lift oil from the reservoir. Even if the 
pump operates satisfactorily when new, slight wearing of the 
shaft seal can cause future service problems. For this reason, 
it is always advisable to mount internally drained pumps 
below the oil level in the reservoir. This, of course, maintains 
a positive head pressure within the housing of the pump 
(Chapter 1). 


If mounting the internally drained pump below the oil level is 
not feasible, the pump should be mounted with its suction 
port vertically upward. This allows the housing of the pump 
to be filled with oil prior to start-up, which aids in achieving 
proper sealing of the shaft. Needless to say, the suction line 
must be adequately sized so that the extra pipe fittings 
required for this type of mounting do not cause too much 
restriction to the inlet flow. 


THE OVERCENTER BENT-AXIS 
DESIGN 


B Port Stationary 


High Pressure Pintle Valve Plate 


Swivel Seal 





The cut-away illustration shows the front half of an over- 
center bent-axis pump. Unlike the lens shaped port plate of 
the open circuit bent-axis pump, this unit uses the stationary 
valve plate, as already described for the fixed displacement 
unit. The difference is that the cylinder barrel, pistons and 
fixed valve plate are contained in a swivel housing. The 
swivel housing contains A and B port passages which com- 
municate flow to the A and B port connections of the pump. 
As shown, the A and B ports are an integral part of the two 
trunnion bearings which support the swivel housing. 


Counterclockwise 
Swivel (Left) 


Rotation 


Outlet 
PortB Clockwise 


Swivel (Right) 


Top View Of An Overcenter Bent-Axis Pump 
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The cross-sectional illustration, from a top view, can be used 
to explain the method whereby the overcenter pump varies 
its displacement. As shown, the housing is swiveled in the 
clockwise direction to its maximum angle. In this direction, a 
right-hand rotation of the input shaft causes pump flow from 
port A to port B. Assuming constant drive speed, the pump 
will be producing its maximum flow. Now, if we started 
swiveling the housing counterclockwise towards the zero 
swivel angle, a reduction of flow would occur because the 
relative piston stroke would become less. 


At the 0° swivel angle, the swivel housing and the drive shaft 
become parallel. In this position, there is no relative piston 
motion, and the pump stops delivering flow. If the swivel 
housing were to continue to move overcenter in the coun- 
terclockwise direction, a reversal of flow would occur. Of 
course, the larger the angle in the counterclockwise direction, 
the greater would be the flow. The following drawing and 
chart can be helpful in determining the direction of flow as 
related to swivel direction and direction of rotation. 
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The overcenter pump, as shown up to this point, is in- 
complete in that the swivel housing is actually contained 
within the housing of the pump. The control housing is 
bolted to the rear of the pump. This encloses the swivel 
housing and provides the means of controlling its position. 
The drawing shows a pump with the simple hand wheel con- 
trol. Independent of the type of control, the control housing 
contains a fork which mates with the pintle on the swivel 
housing. The control causes the fork to move in a horizontal 
sense, which in turn, adjusts the swivel angle of the pump. 


The control housing provides an additional function in that it 
seals the entire pump. In this manner, leakage and 
lubrication oil collects in the pump housing and is returned to 
the hydraulic reservoir by a separate case drain line. 
Likewise, with this closed circuit type pump, it is imperative 
to fill the pump housing with oil prior to start-up. 


THE HALF CLOSED CIRCUIT 
BENT-AXIS PISTON PUMP 
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Earlier in this chapter, we have explained the difference be- 
tween open, closed. and half closed circuits. In a half closed 
circuit, the pump is not only required to create a flow of fluid 
from one service port to the other, but it must also make-up 
oil when the return flow is less than the output flow. This is 
easily accomplished by using bent-axis design overcenter 
pumps. 


As shown in the cut-away illustration, a half closed circuit 
pump is nothing more than a closed circuit pump with make- 
up (suction) check valves installed on the rear cover of the 
swivel housing. The pump modification also includes a con- 
trol housing with a large diameter suction port. Con- 
sequently, a pump for half closed circuit operation has three 
full size port connections, namely, two service ports for con- 
trolling the direction of flow in the closed portion of the cir- 
cuit, and a full sized suction port for pulling the necessary 
make-up oil. Since the suction line is common to both the 
reservoir and the pump’s case, a separate case drain line is 
not required. Depending on the requirements of the par- 
ticular half closed circuit pump, full displacement can be 
drawn over the make-up check valve. You will notice that 
two check valves are necessary, one for each direction. The 
check which is not required for a particular direction of flow 
is simply held closed by system pressure. 


VARIABLE DISPLACEMENT 
PUMP CONTROLS 


Hydraulic pumps can be made to match the duty cycle of vir- 
tually any hydraulic system. They can conserve energy and 
avoid heating the system, since they supply only the required 
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Open Circuit Bent-Axis Piston Pump 
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flow at a pressure level dictated by the load conditions. You 
can achieve this optimum transfer of energy simply by se- 
lecting a variable displacement pump with the proper control 
option. 


Now that we have discussed the methods through which 
piston and vane pumps vary their displacements, we can 
discuss the control means available to alter the flow 
capability of the pump. We have previously covered the 
pressure compensator control in detail in conjunction with 
the variable displacement vane pump. Considering the fact 
that the same type of control is available for piston equip- 
ment, discussion of its merits would be repititious. At this 
point, it is more important for you to realize what the control 
does, rather than how the control operates with all the dif- 
ferent pump designs. Likewise, you must remember to select 
the control to meet the circuit requirements of your system. 
Some controls are designed specifically for open circuit 
pumps, while others can be modified for use in either open, 
closed or half-closed circuits. We will begin our discussion of 
the various control options with the simple handwheel con- 
trol. 


THE HANDWHEEL PUMP CONTROL 


The cross-sectional illustration shows a typical handwheel 
control which mechanically changes the displacement of the 
pump. The operation of this control is quite simple and easy 
to understand. You can see that a manual rotation of the 
handwheel will cause the threaded spindle to turn. The nut 
which is permanently attached to the positioning piston will 
travel along the threads of the spindle and cause the 
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positioning piston to move up or down. This, in turn, will 
change the displacement angle between the cylinder barrel 
and the drive shaft. 


The handwheel control is simple in design, which makes this 
control not only inexpensive to purchase, but also very 
reliable. Nevertheless, many design engineers overlook the 
benefits this type of control offers to the basic circuit design. 


Whenever there is a requirement to adjust the speed of the 
actuator, it is commonplace to select a flow control valve 
(Chapter 3) for the system. However, we have shown in 
Chapter 1 that we must also concern ourselves with the heat 
generation caused by flow control components. In many 
cases, a handwheel controlled variable displacement pump 
could be used economically in place of a fixed displacement 
pump, used in conjunction with a flow control. It is usually 
better, from an energy conservation standpoint, to cause a 
change in the pump flow manually, rather than to alter the 
resistance to that flow, also manually. 


The handwheel controlled pump, when used to vary system 
speed, proves the adjusted flow only at the pressure dictated 
by the load conditions. Although the pump must be used 
with a full flow relief valve, the relief valve will open only if the 
system is overloaded or stalled. It never has to bypass flow 
to tank during reduced speed operation. Consequently, 
heating of the system can be considerably reduced. 
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Visual Position Indicator 


Reduction Gear Box 


(Compensates for 


The handwheel control can be incorporated into either open, 
closed, or half-closed circuit pumps. In closed or half-closed 
circuits, the direction of the actuator is manually changed 
when the control causes the pump to go overcenter. 


THE ELECTRIC MOTOR CONTROL 


A variation. of the simple handwheel control allows the 
thread spindle to be rotated by an electric motor drive. The 
electric motor control allows the pump’s displacement to be 
changed more rapidly, and from a remote control station. 
Since the control is electrical, there is virtually no limit on the 
distance between the control station and the pump. By in- 
corporating cam operated limit switches, the pump control 
can easily be adapted to programmable or timed sequence 
operation. 


The cross-sectional illustration shows an electric motor con- 
trol for a bent-axis design overcenter pump. The electric 
motor works through a two-stage gear reduction and causes 
rotation of the thread spindle. Rotation of the spindle causes 
an axial motion of the fork assembly. Remember, the fork 
connects with the pintle on the swivel housing, which, in 
turn, causes a change in the pump’s displacement. 
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The bi-directional electric motor allows the position of the 
pump’s swivel housing to be varied infinitely from zero 
displacement to maximum, in either flow direction. The 
stroking time is related to the RPM rating of the electric 
motor and to the gear ratio. Electric motor and gear ratio 
combinations are available for a multitude of swivel times. 
They range from 13 seconds to over 6 minutes. The motor is 
protected from overload by the slip clutch, which is built into 
the reduction gear box. In this way, there is no damage if the 
motor is left running after the pump has reached its 
maximum displacement. 


In designing the electrical circuit, you can equip the electric 
motor control with a number of cam operated limit switches 
(double pole single throw), a potentiometer, or both, 
mounted on the same pump. The limit switches and/or the 
potentiometer serve as a feedback of the pump’s swivel 
position to the electrical circuit. Rotation of the cam 
mechanism is accomplished by a rack and pinion drive which 
senses the position of the fork assembly. 


THE CONSTANT HORSEPOWER 
CONTROL 


The constant horsepower control (sometimes referred to as 
a horsepower limiter control) is intended for use with a prime 
mover which drives the pump at a constant speed. The 
prime mover can be either an electric motor or an internal 
combustion engine with a speed governor. The purpose of 
the pump control is to keep the prime mover working at its 
maximum torque capability, or better still, at a constant 
horsepower level. Remember: 


TxRPM 
Lie 5252 


Where: T = Torque in lb.-ft. 


To draw constant horsepower from the prime mover, the 
pump must maintain the mathematic product of flow and 
pressure at a constant value. This means that if the flow out- 
put is high, the operating pressure must be low. Likewise, 
when pressure increases, flow must decrease. Since the 
operating pressure level of a system is dictated by the load 
conditions, the flow must vary with changes in load induced 
pressure if we want to maintain the product of flow and 
pressure at a constant value. 


The constant horsepower control senses the load induced 
pressure in the system and regulates pump displacement ac- 
cordingly. The pump control holds the pump at its maximum 
displacement until the pressure level reaches the point at 
which regulation begins. During regulation, the pump sup- 
plies as much flow as possible for the input power available. 


Beginning of Regulation 


Flow —— 





A B 
Pressure——_—» 
Minimum Flow Pressure Setting of 
Main System Relief 


The graph shows the pressure and flow relationships for a 
constant horsepower control. The black (curved) line 
represents the theoretical constant horsepower relationship 
between flow and pressure, while the red line depicts the ac- 
tual characteristics of the pump control. In reference to the 
graph, the pump is at full displacement until pressure A is 
reached. The slight slope of the curve between zero pressure 
and point A represents only a loss in flow because of pump 
leakage. Once regulation begins, the pump flow decreases 
quickly as pressure increases from point A to point B. Fur- 
ther increase in pressure (between point B and C) decreases 
pump flow more gradually until the control reaches the 
minimum flow valve. 


The pump control must be used with a main system relief 
valve capable of relieving this minimum pump flow. Once the 
end of regulation is achieved, the slightest increase in system 
pressure will open the relief valve and bypass the minimum 
pump flow to tank. Needless to say, if load induced pressure 
drops, the control will follow the curve in the reverse direc- 
tion (toward maximum flow). You can see that the two 
straight lines, which represent the actual pressure versus 
flow curve of the pump, closely approximates the actual 
horsepower curve. 
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Open Circuit Bent-Axis Piston Pump With 
Constant Horsepower Control 


Positioning Piston 
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Adjustment for the Beginning of Regulation ^ 


The cross-sectional view of a bent-axis design open circuit 
pump can be used to explain the operation of any constant 
horsepower control. During start-up, control spring number 
1 holds the pump on full displacement and the pump begins 
delivering a flow of fluid to the system. As the flow en- 
counters resistance, system pressure builds on the small 
area of the positioning piston which holds the pump on full 
displacement, and on the small piston sensing the pressure 
in the system. As long as system pressure working over the 
area of the sensing piston is not high enough to move the 
pilot spool against the small spring (which establishes the 
beginning of regulation), the large area of the positioning 
piston (orange) will be vented to the pump housing (green) 
through the pilot spool. 


When system pressure exceeds the pressure setting for the 
beginning of regulation, the sensing piston will push on the 
control rod and shift the pilot spool. The pilot spool will then 
direct system pressure (red) to the large area of the 
positioning piston (orange). Under this condition, the area 
differential of the positioning piston will cause the pump to 
begin destroking. 


Destroking of the pump will cause control spring number 1 to 
be compressed, which, in turn, will increase the mechanical 
force on the control rod and the sensing piston. When spring 
force balances the force due to pressure working over the 
area of the sensing piston, the pilot spool will modulate the 
pressure on the large diameter of the positioning pistons. In 
this way, the pump will destroke only to the point at which 
the spring force of control spring number 1 will balance the 
hydraulic force on the sensing piston. Consequently, control 
spring number 1 establishes the slope of the initial pressure 
versus flow curve of the pump. 
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When the pump destrokes to approximately 50% of its 
maximum displacement control, spring number 2 begins 
being compressed. This further increases the pressure 
needed on the sensing piston to cause displacement of the 
pilot spool. The second, more gradual, slope of the pump’s 
pressure versus flow characteristics is shaped by the com- 
bined force of the two control springs. 





Variable Volume Vane Pump With Similar 
Constant Horsepower Control 


THE LOAD SENSING CONTROL 


The load sensing control is becoming quite popular in 
modern hydraulic systems. Its advantage is that it conserves 
energy and virtually eliminates heat problems in the hydraulic 
system. The control operation is based on the principle that 


The bi-directional electric motor allows the position of the 
pump’s swivel housing to be varied infinitely from zero 
displacement to maximum, in either flow direction. The 
stroking time is related to the RPM rating of the electric 
motor and to the gear ratio. Electric motor and gear ratio 
combinations are available for a multitude of swivel times. 
They range from 13 seconds to over 6 minutes. The motor is 
protected from overload by the slip clutch, which is built into 
the reduction gear box. In this way, there is no damage if the 
motor is left running after the pump has reached its 
maximum displacement. 


In designing the electrical circuit, you can equip the electric 
motor control with a number of cam operated limit switches 
(double pole single throw), a potentiometer, or both, 
mounted on the same pump. The limit switches and/or the 
potentiometer serve as a feedback of the pump’s swivel 
position to the electrical circuit. Rotation of the cam 
mechanism is accomplished by a rack and pinion drive which 
senses the position of the fork assembly. 


THE CONSTANT HORSEPOWER 
CONTROL 


The constant horsepower control (sometimes referred to as 
a horsepower limiter control) is intended for use with a prime 
mover which drives the pump at a constant speed. The 
prime mover can be either an electric motor or an internal 
combustion engine with a speed governor. The purpose of 
the pump control is to keep the prime mover working at its 
maximum torque capability, or better still, at a constant 
horsepower level. Remember: 


TxRPM 
HP =——_—— 
Po 5252 


Where: T = Torque in lb.-ft. 


To draw constant horsepower from the prime mover, the 
pump must maintain the mathematic product of flow and 
pressure at a constant value. This means that if the flow out- 
put is high, the operating pressure must be low. Likewise, 
when pressure increases, flow must decrease. Since the 
operating pressure level of a system is dictated by the load 
conditions, the flow must vary with changes in load induced 
pressure if we want to maintain the product of flow and 
pressure at a constant value. 


The constant horsepower control senses the load induced 
pressure in the system and regulates pump displacement ac- 
cordingly. The pump control holds the pump at its maximum 
displacement until the pressure level reaches the point at 
which regulation begins. During regulation, the pump sup- 
plies as much flow as possible for the input power available. 


Beginning of Regulation 


Flow —— 





, , C 
A B 
Pressure———_»- 
Minimum Flow Pressure Setting of 
Main System Relief 


The graph shows the pressure and flow relationships for a 
constant horsepower control. The black (curved) line 
represents the theoretical constant horsepower relationship 
between flow and pressure, while the red line depicts the ac- 
tual characteristics of the pump control. In reference to the 
graph, the pump is at full displacement until pressure A is 
reached. The slight slope of the curve between zero pressure 
and point A represents only a loss in flow because of pump 
leakage. Once regulation begins, the pump flow decreases 
quickly as pressure increases from point A to point B. Fur- 
ther increase in pressure (between point B and C) decreases 
pump flow more gradually until the control reaches the 
minimum flow valve. 


The pump control must be used with a main system relief 
valve capable of relieving this minimum pump flow. Once the 
end of regulation is achieved, the slightest increase in system 
pressure will open the relief valve and bypass the minimum 
pump flow to tank. Needless to say, if load induced pressure 
drops, the control will follow the curve in the reverse direc- 
tion (toward maximum flow). You can see that the two 
straight lines, which represent the actual pressure versus 
flow curve of the pump, closely approximates the actual 
horsepower curve. 
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if there is a constant pressure drop maintained across an 
orifice, there will also be a constant flow. For this reason, the 
explanation of the load sensing control will more or less 
parallel our explanation of the pressure compensated flow 
control as discussed in Chapter 3. The illustration shows a 
typical load sensing control. 


In this illustration, we are highlighting the pilot control spool 
of a variable volume vane pump with a load sensing control. 
The pilot control spool functions much like the hydrostat in a 
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pressure compensated flow control valve. You will notice 
that the left-hand area of the spool has the same effective 
area as that on the right. The spool is held to the left by a 
light spring force (equivalent to approximately 150 PSI). The 
left-hand area of the spool senses the inlet pressure of the 
main flow orifice, while the opposite end of the spool (spring 
end) senses the pressure at the outlet of this orifice. Con- 
sequently, the forces which act on the pilot spool are bal- 
anced when the pressure at the orifice’s outlet is ap- 
proximately 150 PSI (spring force) lower than the inlet 
pressure. 
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O until only enough flow is supplied to 
maintain the 150 PSI AP 
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(4) and vents the large 
control piston to the 
pump’s housing. 


G) the pilot 
spool moves 
to the right... 
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Destroking 


The first illustration shows the pump in equilibrium, 
delivering just enough flow so that the pressure loss across 
the main flow orifice is at the 150 PSI value. If we assumed 
that a reduction in load were occuring at the actuator, we 
would immediately see a loss in the load induced pressure 
which was being fed back to the right-hand spool area. With 
this loss in equilibrium of forces, the pilot spool would move 
to the right. As shown in the illustration, the pump destrokes 
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(reducing its displacement) when the spool vents the larger 
control spool area to the housing of the pump. 


Now, considering the fact that the pump control 
reestablishes equilibrium conditions at the lower load in- 
duced pressure, let us look at what will happen when the 
load increases. 


(17 When load induced pressure... 
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As load induced pressure increases downstream of the 
orifice, the system will slow down if the pump is not able to 
increase the pressure at the inlet of the orifice. However, the 
increase in load induced pressure increases the pressure 
forces acting on the pilot control spool to the left. As the 
spool moves to the left, it upsets the previous established 
equilibrium condition, and loads the larger control piston 
with system pressure. This causes the pump to increase its 
displacement. The pump increases its output flow until the 
resistance to this flow creates a pressure at the inlet of the 
main flow orifice which is 150 PSI higher than the pressure 
at its outlet. 


p | (3) exceed inlet pressure... 


(4) the pilot spool moves to the left . 
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which pressurizes the 
large control piston. 


(6) The pump increases flow . 








plus spring 
force... 












— 





T) until equilibrium is reestablished. 


The small pilot relief, which is incorporated in the load 
sensing control circuit, provides a very important function. 
Its purpose is to limit the maximum feedback pressure to the 
pump control. When load induced pressure exceeds the set- 
ting of this relief valve, the valve opens and limits the 
maximum force available for pushing the pilot spool to the 
left. The moment the pressure at the outlet of the pump ex- 
ceeds the limited load induced pressure plus spring force, the 
pilot spool moves to the right. This causes the pump to go 
into deadhead. The pump pressure compensates and 
provides only the flow.required to maintain system pressure. 
The .023” orifice stabilizes the pump control by limiting the 
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amount of flow in the pilot circuit. If too much flow potential 
were to be exposed to the piloting relief valve, the pressure 
override characteristic would adversely affect the proper 
operation of the pump. 


A less obvious feature of the load sensing control is that it 
will provide a constant flow regardless of the input drive 
speed. In a fixed displacement pump, an increase in its drive 
speed will also cause an increase in its flow output. If a 
restriction were to be placed downstream of the pump, the 
higher flow with higher drive speed, would necessarily 
require a higher pressure drop across the orifice. 


In a variable volume pump (with load sensing control), an in- 
crease in RPM will also tend to cause increased flow. 
However, the moment the increase in flow occurs, there will 
be a higher pressure at the inlet of the main flow orifice. The 
control will sense this increase in pressure on the left-hand 
area of the control spool (discussed previously), and cause 
the pump to destroke. If the drive speed decreases, the loss 
of flow at the main orifice inlet will cause a loss in control 
pressure. This will allow the load induced pressure plus 
spring force to move the pilot spool to the left. This, in turn, 
will cause the pump to increase its displacement to the point 
at which pressure equilibrium is reestablished at the main 
flow orifice. 


When you are selecting a pump with load sensing control for 
use in applications with variable drive speeds, be sure that 
the pump is sized so that the maximum flow will be supplied 
at the minimum drive speed. The pump will then decrease its 
displacement automatically as drive speed increases. 
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ELECTRONIC PROPORTIONAL 
CONTROL 


Generally speaking, electronic control is probably the fastest 
technological field in existence today. The advent of the 
microprocessor has changed the way of doing things on both 
a personal (hand held calculator, for example) and industrial 
level. In fact, most of the “confidential research and develop- 
ment” now being conducted by industry is in some way 
related to electronic control. 


One of the major advantages of using a hydraulic system for 
the transfer of energy is the ease and accuracy with which it 
can be interfaced with electronic control. Unfortunately, in- 
formation on this subject is complete enough to fill the pages 
of another text. In addition, new products and methods in 
this field are being introduced on a daily basis. For these 
reasons, we must limit our discussion to a typical pump con- 
trol intended for interfacing with electronics. We must ask 
the interested reader to consult the manufacturer’s technical 
data in order to keep up with this ever expanding technology. 


You will find that in almost all electronic interfaces, a propor- 
tional solenoid or a torque motor converts a D.C. electric 
signal into a force output. Both of these components operate 
on a constant D.C. voltage, and their force output increases 
with increased current. A typical proportional solenoid, for 
instance, operates on a 24V D.C. voltage and varies its 
force output in the control range of 150 ma to 700 ma. 


The cross-sectional illustration represents a pump control 
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which uses a proportional solenoid to vary pump 
displacement.. The pump responds from minimum to 
maximum displacement proportional to the current of a 24V 
D.C. command signal. The displacement of the pump is 
shown in the minimum position with no electrical signal sup- 
plied to the solenoid. The pump is held in this position by the 
force of the feedback spring and system pressure working 
over the smaller area of the positioning piston. 


As a D.C. current is supplied to the proportional solenoid, 
the solenoid pushes on the pilot spool with a specific force. 
When the current, and, therefore, the force, is high enough to 
move the pilot spool against the small spring (which adjusts 
the beginning of regulation), pilot pressure is exposed to the 
large diameter of the positioning piston. Because of the area 
difference of the positioning cylinder, the pump begins 
stroking towards maximum displacement. However, 
stroking of the pump also causes the feedback spring to be 
compressed, which increases its force. When feedback 
spring force exceeds the limited force of the proportional 
solenoid, the spool will be moved back to its original 
position. This will cause the large diameter of the positioning 
piston to be disconnected from the pressure source and 
vented to tank. 


The net result is that the pilot spool modulates the pressure 
on the large area of the positioning piston, so that the precise 
balance of feedback spring force and proportional solenoid 
force is maintained. The pump stays at this displacement 
position until the current supply is changed, which changes 
the force output of the proportional solenoid. 


The control, as described, can be used to change the velocity 
of the output actuator, while the maximum force (or torque) 
output would be controlled by a separate pressure control 
piped into the hydraulic circuit. There are, however, many 
other variations of pump controls which use a proportional 
solenoid to adjust both displacement and the maximum 
pressure capability of the pump. For instance, the load 
sensing control, as previously discussed, is available with the 
adjustment of both the main flow orifice and the pilot relief 
established by two proportional solenoids. This allows both 
velocity and force output of the hydraulic system to be in- 
terfaced with electronic controls. 


THE HYDRAULIC CYLINDER 
CONTROL 


The hydraulic cylinder control, as shown in our discussion of 
variable displacement pumps, is the basis for varying the 
displacement of virtually all piston equipment. The pilot con- 
trol varies pump displacement simply by determining the 
pressure and flow condition for the adjusting cylinder 
(positioning piston). With most pumps that use a positioning 
cylinder for varying the pump displacement, one control 
variation is simply to provide port connections to the 
positioning cylinder. The control of the pump displacement 
can then be determined by a pilot control circuit designed to 
meet the requirements at hand. This control can be as simple 


as a two position control, using a two position four-way 
directional control, or it can be as sophisticated as a control 
cylinder which is positioned by a four-way directional servo 
valve. 


Adjustable Stroke 
Limiter 





Fixed Stroke Limiter 


Centering Springs 





The circuit schematics show two variations of the cylinder 
controlled variable displacement pump. The top schematic is 
for use in open circuit applications, while the bottom 
schematic represents a pump for closed loop overcenter 
operation. The controls are quite similar, except for the fact 
that the overcenter pump incorporates centering springs, 
while the open circuit pump has a fixed stroke limiter which 
prevents the pump from going overcenter. 


Although the operation of this type of control is quite simple 
and needs no further explanation, there are some 
precautions concerning it which should be observed. First, 
the pressure and flow requirement must be calculated using 
the same method described for any double acting hydraulic 
cylinder (Chapter 1). Normally, the control cylinder size is 
determined by the size of the pump with which it is used. 
This, of course, influences the piston area, which is the 
determining factor for both the flow and the pressure 
requirements. Second, you will notice that the schematics 
represent a pump control which uses a double rod cylinder. 
In this pump design, the cylinder rod is permanently attached 
to the pump housing. The pump’s displacement is changed 
when the cylinder housing swivels the displacement 
mechanism. With other pump designs, the stroking cylinder 
may only have a single rod. With these designs, you must 
consider the area differential and its influence on both flow 
and/or pressure intensification. 


Finally, you will find that there are several optional features 
offered for use with cylinder controlled pumps. The options 
include adjustable stroke limiters, centering or single acting 
retum springs, and limit switches or potentiometers for feed- 
back of the pump’s displacement position to the electrical 
control circuit. 
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THE MECHANICAL SERVO CONTROL 


The mechanical servo control can be used with a mechanical 
cam system for automatic operation, or it can be used to 
manually change the pump’s displacement. This control is 
essentially a power assist, similar in operation to the 
automotive power steering unit. The control takes a low level 
force input and uses hydraulic flow and pressure to amplify 
the force, while at the same time obtaining a desired 
positioning of the pump’s displacement. A simplified ex- 
planation of the operation is shown in the illustration. 
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The diagram shows the basic operating principle of any 
mechanical servo system. The control positions the pump’s 
displacement as determined by the position of the servo 
stem. You can easily see that if the stem is repositioned to 
the right, pressure and flow would cause the positioning 
cylinder to follow the motion of the piloting spool. It is im- 
portant to note that, during operation, the pump is held 
precisely in the null position determined by the servo stem. 
Even if leakage by the pilot spool causes the positioning 
cylinder to drift, the control will self-compensate for this un- 
wanted motion. The slightest drifting of the positioning cylin- 
der causes the directional valve to open. Flow is then di- 
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rected to the cylinder so that it moves back to the null 
position. Because the pilot spool is machined with zero 
overlap (Chapter 5), precise displacement positioning is ob- 
tained. 


The mechanic servo control is normally supplied with 
separate pressure and tank connections for the control. To 
prevent damage to the pilot spool or servo stem, the proper 
pilot pressure and flow must be supplied to the control. In ad- 
dition, the pilot oil supply circuit must be operating before an 
attempt is made to reposition the servo system. 
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THE PILOT PRESSURE RELATED 
CONTROL 


The pilot pressure related control simply changes the pump’s 
displacement directly proportional to the pilot pressure signal 
received by the control mechanism. In its simplest form, the 
control is not unlike the proportional solenoid. The only dif- 
ference is that the variable force of the solenoid working on 
the control spool is replaced with a variable pressure working 
on the area of the pilot spool. The similarity of operation is 
shown in the following cross-sectional illustration. 
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a) As pilot pressure increases... 


Open Circuit Bent-Axis Pump 


In this control, the pump displacement is linearly adjusted in 
proportion to the pilot pressure supplied to the pilot port con- 
nection. The typical control pressure range is 150 PSI, with 


the beginning of regulation being adjustable over the range of 
30 to 725 PSI. 





THE PILOT PRESSURE RELATED CONTROL 
FOR OVERCENTER PUMPS | 


The pressure related control for use with overcenter pumps 
is somewhat more sophisticated, but it performs the same 
basic function: it varies pump displacement in accordance 
with a pilot pressure signal. Because the pump strokes over- 
center, two pilot pressure ports are provided, one for each 
direction of flow. A typical remote control pilot circuit for a 
closed circuit pump is shown in the illustration. 


The illustration shows the typical arrangement of the com- 
ponent parts which make up a proportional hydraulic remote 
control. Although at first glance, this control looks 
somewhat complicated, it is actually quite simple in 
operation. 
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The remote control unit is a “joystick,” (remote pilot control) three-way pressure reducing valves contained in a single 
which allows the operator to control pilot pressure in propor- housing. When the joystick is in the neutral position, the 
tion to the position of the hand lever. A close look at the spring force on both spools is relaxed. As shown ' this 
valve shows that it is nothing more than two direct operated unloads the pilot circuit to tank. 
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When spring force balances 
hydraulic force, the control 
spool centers... 















pump displacement. 
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L 5 ) The cylinder housing moves to the 
~ right, compressing the feedback spring. 
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a the reducing valve increases pilot 
i i pressure here. 


When the pilot circuit is unloaded, there is no pilot pressure displacement position. If leakage across the control spool 
on either end of the directional valve spool. Consequently, allows the position cylinder to drift, the position error is 
there is no hydraulic force causing the spool to shift. As transmitted to the control spool. This “feedback” is ac- 
shown, under these conditions, the pump is held in its zero complished by the mechanical link between the feedback 
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spring and the control spool. The error feedback causes the 
control spool to shift, thus allowing flow to and from the 
positioning cylinder. Let us now take a look at how propor- 
tional variable displacement is achieved. 


HYDRAULIC PROPORTIONAL CONTROL OF 
PUMP DISPLACEMENT 


The illustration indicates the stroking of the pump to one 
side of center. You will notice that the operation is identical 
for the reverse direction of stroke. When the pump is 
operating in the opposite direction, downward motion of the 
joystick will cause pressure to build on the left end of the 
control spool. Flow will then be directed to the left side of the 
stroking cylinder, with the pump displacement varied propor- 
tionally to the pilot pressure. Compression of the feedback 
spring will push the spool to its center position when the 
equilibrium between spring force and hydraulic force is 
achieved. 


The control is designed so that the relationship between pilot 
pressure and pump displacement is perfectly linear. A typical 
control varies the pump displacement from zero to full as the 
pilot pressure varies between 100 to 580 PSI. As shown in 
the graph, the pump does not respond to pilot pressures of 


less than 100 PSI. This prevents the resistance to flow in the 
pilot circuit, when unloaded, from inadvertantly shifting the 
pump. 


THE CONSTANT HORSEPOWER OVERRIDE 
FOR THE OVERCENTER PILOT PRESSURE 
RELATED CONTROL 


The pressure related control, as discussed up to this point, 
can be provided with an optional constant horsepower 
override. This horsepower override protects the prime mover 
from being overloaded by either fluctuations in the work 
load, or by a heavy-handed operator. The horsepower 
override works on the principle of modifying the control 
signal at either of the pilot pressure supply ports, in relation 
to the pressure at the outlet of the main pump. (For a com- 
plete description of the constant horsepower control prin- 
ciple, please refer to the discussion of this control earlier in 
this chapter.) 


The hardware which accomplishes this horsepower override 
is essentially made up of a variable pressure direct operated 
relief valve and two pressure equalizing sleeves assembled 
on either end of the pilot control spool. 


Hydraulic Pilot Pressure (PSI) At Port X, 
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Hydraulic Pilot Pressure at Port X, 
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SYMBOL EXPLANATION 


Fixed Displacement Open Circuit Pump 


Fixed Displacement Closed Circuit Pump 
(Bi-Directional Rotation) 


Variable Displacement Pump for Open Circuit 
With Separate Case Drain Connection (No Con- 
trol Indication) 


Variable Displacement Overcenter Pump for 
Closed Circuit With Case Drain (No Control 
Indicated) 


Variable Displacement Overcenter Pump for 
Half Closed Circuit (No Control Indicated) 


Variable Displacement Pump, Open Circuit, With 
Pressure Compensator Control, and Separate 
Case Drain 

























Closed Circuit Hydrostatic Transmission With 
Boost Pump, Make-Up Checks, Crossport Relief 









Overcenter Variable Displacement Pump With 
Handwheel Control 





Overcenter Variable Displacement Pump With 
Reversing Electric Motor Control 





Variable Displacement Pump With Hydraulic 
Cylinder Control With Fixed Stroke Limiter 
for Open Circuit Application 
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(4) This annulus area is exposed 
to the pressure... 

















Q) This shuttle valve directs 
system pressure to the 
horsepower limiting valve. 


As this sleeve 
moves to the 
right... 
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See page6-52for detail drawing. 
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(8) so that pilot pressure can 
cause shifting of the pilot 
spool. 









this pressure equalizing 
sleeve is held tight against 
the valve housing... 


Detail X (Operating) 


OTHER USES FOR THE PILOT PRESSURE 
RELATED CONTROL 


The pilot pressure related control as shown, varies pump 
displacement proportional to manual remote control valves. 
These remote control valves are available in a variety of hand 
lever and foot pedal operators to fit the application at hand. 





The control, as discussed, is but one of many possible ap- 
plications. The possible uses of a pump control which varies 
pump displacement directly proportional to a pilot pressure 
signal are actually limited only by the imagination of the 
design engineer. The method of generating the command 
pressure signal is irrelevant as long as it is not effected by 
pressure fluctuations in other parts of the circuit. With this in 
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As long as override 
pressure is higher than 
pilot supply pressure... 


When pilot pressure 
exceeds override 
pressure... 


19) this sleeve equalizes the 





2 effect of this pilot supply 
pressure. 







The feedback spring in the 
pump balances the override 
pressure... 





(12 ; working on this effective area. 





mind, the designer can design a pilot circuit for controlling 
the pump to meet virtually any system requirement. * 


“The application of this control is more completely 
discussed in the Rexroth publication, “Pilot Pressure Related 
Control On Variable Displacement Hydraulic Pumps and 
Motors,” by Graham Scott, Senior Applications Engineer. 


SYMBOLS FOR 
HYDRAULIC PUMPS 


Representation of the fixed and variable displacement pump 
is quite simple. The pump is shown as a circle with one or 
two outward pointing arrows indicating the direction of flow 
possibilities of the pump. Variable displacement is indicated 
simply by a diagonal arrow, which is superimposed on the 
circle. A dashed line is used to indicate that the pump has an 
external case drain line. It should not be used to indicate 
pumps which are internally drained. 


Unfortunately, representation of the pump control is 
somewhat more complicated. In fact, with pilot operated 
controls, the pump control can become a complete circuit 
schematic in itself. 


In the following chart, we list first the standard symbols for 
fixed and variable displacement pumps. We then attempt to 
show a representative cross section of the various pump con- 
trols. 


Variable Displacement Open Circuit Pump With 
Constant Horsepower Control 


Overcenter Variable Displacement Pump With 
Pressure Related Control 


Open Circuit Variable Displacement Pump With 
Load Sensing Control 
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Open Circuit Variable Displacement Pump With 
Proportional Solenoid Control 


Overcenter Variable Displacement Pump With 
Manual Stem Servo Control 


CONCLUSION 


This chapter has been devoted to an explanation of the 
major pump designs used in industrial hydraulic systems, 
beginning with a very basic explanation of how a pump con- 
verts the energy of the prime mover into hydraulic eneray. 
For a very basic understanding of any hydraulic pump, the 
reader should know the meanings of the following terms. 
Without a basic knowledge in this area, it would be difficult 
to compare pumps in order to make a proper selection for 
the system requirements at hand. The terms are: 
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Displacement 
Nominal Flow 
Volumetric Efficiency 
Mechanical Efficiency 
Overall Efficiency 


Pump Pressure Rating 
Positive Displacement 
Fixed Displacement 
Variable Displacement 


Any variety of hydraulic pump available today can be put 
into one of three general categories: gear, vane, or piston. If 
the pump is a variable displacement design, it must either be 
a vane or piston pump, since gear pumps are available only 
in the fixed displacement version. 


FIXED DISPLACEMENT PUMPS 


We have defined the parameters for using fixed displacement 
pumps. Generally speaking, the system must operate at a 
more or less constant speed, as determined by the maximum 
flow capability of the pump. Likewise, it is important to 
remember that any fixed displacement pump has the 
capability of wasting energy and of severely overheating the 
system, if, for some reason, it is misapplied. Nevertheless, 
when properly used, the fixed displacement pump can 
provide adequate service for a multitude of operating 
requirements. To assist the designer in the selection of the 
proper fixed displacement pump, we have discussed and 
compared the features and operating characteristics of ex- 
ternal gear, internal gear, “Gerotor,” balanced vane, radial 
piston, in-line piston, and bent-axis design piston pumps. 


VARIABLE DISPLACEMENT PUMPS 


Efficient use of our energy resources has become an im- 
portant topic for discussion in all facets of our life, both at 
home and on the job. Today, engineers are evaluating the 
power consumption of new machines and appliances, 
looking for ways to reduce their energy demands to the 
lowest possible levels. 


The use of variable displacement pumps is playing a greater 
part in modern hydraulic systems. The variable displacement 


pump has been instrumental in overcoming the stigma that 
hydraulic systems are inherently inefficient. This old line of 
thinking is quickly being replaced by an awareness and 
utilization of components providing higher efficiency, better 
performance and superior control. 


The single most important advantage of the variable 
displacement pump is that heat is not generated by moving 
oil around the circuit when no work is being done. Even 
when a fixed displacement pump is unloaded, energy is con- 
verted into heat, simply because the oil is in motion. 
Likewise, during operation, oil must be diverted, restricted, 
or removed from the system at a high pressure level. Many 
times, this pressure level is considerably higher than the ac- 
tual pressure required to do the work during most of the 
cycle. On the other hand, the variable displacement pump 
can be made to produce only the hydraulic energy required to 
do the work. It can also be made to produce this energy only 
when it is needed to cause the required motion of the load. 


Our discussion of variable displacement pumps began with a 
description of the three types of pump circuits: open, closed, 
and half-closed circuits. We then discussed the mechanics 
involved in varying the displacement of vane, in-line piston, 
and bent-axis piston pumps. 


A great deal more could be said of variable displacement 
pump controls than has been outlined in this chapter. We 
have, however, described the more common controls which 
are more or less standard to industrial pumps. With an 
understanding of the information presented in this chapter, 
the design engineer should be well on his way to determining 
the operation and application of any variable displacement 
pump control. 
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CHAPTER 7 


ELECTRONICALLY CONTROLLED 
PROPORTIONAL VALVES 


SERVO VALVES VS. 
PROPORTIONAL VALVES: 


There is a misconception that servo valves and proportional 
valves are so closely related that one can be used in the place 
of the other. This is not true: servo valves are different than 
proportional valves, and each has a particular use. 


Servo Valves: are usually used in closed loop systems. A ser- 
vo valve has feedback built into the system. Feedback is part 
of the closed loop system which monitors the machine or 
processes and feeds a signal back to the valve which con- 
trols it. 


Proportional Valves: are usually used in open loop systems. 
This means there is no feedback, it is controlled by the 
operator or a process controller, or there is a fixed setting for 
the valve. 


Servo Valves: are extremely accurate, generally better than a 
1% error factor. 


Proportional Valves: are not as accurate as servo valves, 
generally not better than a factor of 3% error. 


Servo Valves: are faster in response when compared to pro- 
portional valves, generally between 60 to sometimes as high 
as 400 Hz. 


Proportional Valves: are generally low in response, usually 
below 10 Hz. 


Although the use of servo valves can be justified for ex- 
tremely accurate control and high dynamic capabilities, pro- 
portional valves may be used anywhere directional and flow 
control valves are normally used. 


DISADVANTAGES OF SERVO VALVES 


1. High cost: by comparison to proportional valves. 

2. The complexity of a servo valve demands far more 
auxiliary equipment, most of it being electronics. 
Proportional valves, by comparison, require a minimal 
amount of electronics. 

3. Contamination: servo valves are more dirt sensitive, 


while proportional valves, on the other hand, are far 
more tolerant of contamination. 


FORCE CONTROLLED 
SOLENOIDS 


It was only through the development of the proportional 
solenoid and the perfection of simple dirt resistant valves, 
that proportional valves made a significant breakthrough in 
the hydraulic system design. The performance of a propor- 
tional valve not only depends on its electronic requirements 
and unique hydraulic features, but also on the proportional 
solenoid as well. 


There are two types of proportional solenoids, one being a 
stroke controlled solenoid (which will be discussed later) and 
the other being a force controlled solenoid. Force controlled 
solenoids are modified DC solenoids providing linear ad- 
justable forces, by simply altering the current signal to the 
solenoid (see Figure 1). 


Proportional force solenoids are of the wet pin DC type 
which appear similar to a conventional DC solenoid, with a 
modified internal construction optimizing the linearity of the 
solenoid. When a conventional DC solenoid is energized, the 
plunger travels its full distance creating a constant output 
force. A force controlled solenoid operates on the principle 
that solenoid force output is linear to the current supplied. 
This linearity of force output to current, works effectively 
over a stroke of approximately 0.060” (1.5mm). 


The easiest way to comprehend a force controlled solenoid is 
from the force travel curve (Figure 2). 


Considering that a given amount of current creates a given 
force, the force travel curve demonstrates this linear relation- 
ship at various current levels. When current is supplied to the 
solenoid and held constant, solenoid force also remains con- 
stant over a stroke output of approximately 0.060” (1.5mm). 
For example, when a 200 mA signal is elevated to 400 mA 
the force increases, but remains constant over the same 
stroke output of approximately 0.060” (1.5mm). Maximum 
force output for force controlled solenoids lies between 12 to 
14 Ibs.. Since adjustable forces can be achieved over a small 
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Figure 1 


By adjusting this potentiometer from 
0 to 9 volts 


Current feedback loop 


stroke, installation dimensions for the solenoid do not be- 
come too great; therefore, the solenoid is compatible to pilot 
operated proportional pressure controls, directional control 
valves, and some variable displacement pump controls 
(Chapter 6). Also, since the solenoid is a wet pin there is a 
removable screw to bleed any air that may become trapped. 


Figure 2 
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PROPORTIONAL PRESSURE 
RELIEF VALVES 


Proportional pressure relief valves perform essentially the 
same function as those of manually adjusted pilot operated 
types. The major difference between the two, is that the 
spring adjustment assembly in the pilot head is replaced by a 
force solenoid. 


As mentioned previously in our discussion of force sole- 
noids, the solenoids maximum force lies between 12 to 14 
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(| 2 ) Force output can 
— be adjusted to a 
maximum of 

14 Ibs. 
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Ibs. This force is sufficient to enable an adjustable force to 
hold a small direct operated relief valve poppet in a seated 
position. 





As shown in the crossection, (Figure 3) when the valve is 
supplied with an input signal the solenoid provides a direct 
force on the pilot poppet. Pilot pressure is fed internally from 
passage C working through orifice 1.2 on the nose of the 
pilot poppet and on top of the main poppet. As long as 
pressure does not exceed the force of the proportional 
solenoid the main poppet remains in a closed position, due 
to the main poppet being of equal area and incorporating a 
light spring. Pressure works equally above and below the 
main poppet with the light spring allowing for a slightly 
greater downward closing force. 


When system pressure exceeds the setting of the propor- 
tional solenoid, the pilot poppet opens establishing a pilot 
flow from passage C through port Y to tank. This allows a 
decay in pressure above the main poppet felt by orifice 1.1. 
At the same time, the main poppet opens allowing oil to pass 


Figure 3 
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from port A (pressure port) to port B (tank port). 


The main poppet is a small low mass poppet which allows 
for minimal stroke during opening, meaning the valve reacts 
quickly. The sleeve is manufactured with three radial holes 
drilled symmetrically around it to allow for a divergent flow 
characteristic when the’ valve opens. The result is a much 
quieter valve. 


Unlike a conventional pilot operated relief valve, (where the 
maximum pressure rating of the valve is effectively estab- 
lished by the force of the spring in the pilot head), the maxi- 
mum pressure rating for a proportional pressure relief valve 
is established by the seat area of the pilot poppet. Con- 
sidering the solenoid provides an adjustable force of up to 14 
lbs., a larger seat results in a lower maximum adjustable 
pressure rating of the valve. The resultant pressure force 
therefore has to work over a larger area on the nose of the 
pilot poppet, thus requiring less pressure to push it open. 


Likewise, a smaller seat results in a higher pressure rating of 
the valve since the resultant pressure force must now work 
over a smaller area on the nose of the pilot poppet. It takes a 
greater amount of pressure to push the pilot poppet open. 


The sensitivity of the proportional solenoid requires that the 
pilot head be externally drained directly back to tank from 
port Y. If the pilot head is internally drained, back-pressure 
can develop causing erratic operation of the valve. 


With the help of the electronic amplifier the pressure setting 
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of the valve can be either gradually increased or decreased 
accordingly. Also, solenoid force can be quickly or frequently 
adjusted during machine operation. Adjusting time; or the 
time it takes to go from one valve setting to the next, with 
respect to the signal received from the amplifier, is in a range 
from 50 ms to 150 ms depending on valve size. 


If power is lost to the valve, solenoid force immediately falls 
off, allowing oil to pass from port A or port B. To protect the 
system from high unexpected solenoid forces, (such as those 
caused by electronic failure or high current peaks), a maxi- 
mum pressure relief valve can be built into the pilot head of 
the valve. This can be accomplished by using a standard 
spring and poppet assembly which can be mechanically 
adjusted just slightly above the maximum desired system 
pressure. It should also be mentioned, that many times a 
relief valve is needed for very small flow rates. By removing 
the pilot head and using it as an electronically adjustable 
direct operated relief valve, the pilot head alone can handle 
flows up to about one half a gallon per minute. 


PROPORTIONAL PRESSURE 
REDUCING VALVE 


Proportional pilot operated pressure reducing valves are 
similar to proportional pilot operated pressure relief valves, in 
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that they are electronically adjustable and incorporate a force 
solenoid. The main valve assembly is the same as a manually 
adjusted pilot operated pressure reducing valve, with the 
pilot head being the same as the proportional relief valve. 
The maximum pressure rating of the valve is therefore 
determined by the seat diameter of the pilot poppet as is the 
relief valve. 


When the valve (Figure 4) is supplied with an input signal the 
force of the proportional solenoid directly operates on the 


pilot poppet. As long as the force of the solenoid holds the 
pilot poppet closed the pilot oil remains in a static condition. 


Reducing Valve With 
Secondary Control (Figure 4) 


Pilot Valve 
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Pilot 
Poppet 


Pressure is transmitted through passage 9, and works above 
and below the main spool. Since the main spool is of equal 
area, a force balance is created because of the equal pres- 
sures. With a hydraulic balance on the main spool, a light 
spring force keeps the main spool in an open position. Oil is 
thus able to flow unrestricted from the primary port B, to the 
secondary port A. When pressure in the secondary port 
exceeds the force of the proportional solenoid, the pilot 
poppet opens allowing oil to drain from the top of the main 
spool via port Y to tank. This establishes a pressure drop on 
orifice 6 and 7 which unbalances the forces on the main 
spool. The main spool then moves upward reducing the flow 
area from B to A (due to the radial drillings in the main spool 
and sleeve) and creating a secondary reduced pressure in 
port A. The main spool then modulates to maintain pressure 
in port A at the setting of the proportional solenoid. 


With the help of the amplifier, solenoid force can be quickly 
and/or frequently adjusted during machine operation. Adjust- 
ment time (or the time it takes to go from one valve setting to 
the next with respect to the signal received from the 
amplifier) is in the range of 100 ms to 300 ms depending on 
the size of the valve. 


Solenoid force can also be gradually increased or decreased. 
This results in either a gradual increase or decrease in pres- 
sure as required. 


For maximum protection, a manually adjusted relief valve 
can be fitted in the pilot head. As with the proportional pres- 
sure relief valve, the pilot head should be externally drained 
directly back to tank. 


Force Controlled Solenoid 
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PRIMARY CONTROLLED REDUCING 
VALVE 


An electronically adjustable proportional pressure reducing 
valve with a pressure compensated flow controller fixed in 
the pilot head, is capable of maintaining precise pressure 
settings at its highest flow rating (Figure 5). 


Since the main spool of a pressure reducing valve acts as a 
regulating orifice, at high flow rates, flow downstream of the 
orifice is more turbulent. To make the valve more precise at 
higher flow rates, the pilot oil is taken from the primary port 
rather than the secondary port; thus preventing turbulent 
flow from influencing the valve’s setting (See Chapter 2). 


As in the previous discussion of the proportional pressure 
reducing valve, as long as solenoid force keeps the pilot pop- 
pet closed, the valve will remain open allowing oil to flow 
from inlet port B, through the main spool, to the secondary 
port A. This open position is maintained by feeding oil from 
the primary port B through passage C and through the 
pressure compensated flow controller to the top (spring 
loaded side) of the main spool. The desired system pressure 
is thus maintained on top of the poppet, thereby giving an 
unrestricted flow path from port B to A since the main spool 
and sleeve are in alignment due to the radial drillings in both. 


When pilot pressure exceeds the force of the proportional 
solenoid, the pilot poppet opens. A constant pilot flow is 
established by the pressure compensated flow controller and 
oil drains from port Y to tank. This creates a regulated pres- 
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sure above the main poppet. 


When pressure in the secondary port A exceeds spring force 
plus pilot pressure, the main spool moves upward creating a 
secondary reduced pressure, and modulates as required. 


If pressure in the secondary port builds too high during a 
static condition, the overload protection will open allowing 
oil to return to the pilot head, thus preventing pressure build- 
up due to leakage. 


Both types of proportional pressure reducing valves can be 
built with reverse free flow checks. 


PROPORTIONAL DIRECTIONAL 
VALVES 


Proportional 4-way directional control valves are the most 
versatile of all proportional valves. The valve itself looks 
similar to that of a conventional directional valve, but with 
the spool configuration being designed specifically to provide 
precise metering in both the inlet and outlet sections of the 
valve. Not only does the valve have the ability to meter oil in 
both directions, but when applied correctly, pressure drops 
on both sides of the valve remain relatively equal. This allows 
for good controllability of cylinders and motors. Many times 
acceleration, deceleration and counterbalancing can be 
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achieved with just one proportional directional valve, when 
interfaced with the required electronics. With conventional 
valving, such controllability is sometimes not possible even 
with as many as seven valves. It is not only the required elec- 
tronics that give the proportional directional valve this 
capability, but its spool as well, which plays a big part in its 
overall operation. 


PROPORTIONAL VALVE SPOOLS 


Due to modern precision machining methods, the radial 
clearance between the proportional spool and the inside bore 
diameter of the valve housing is approximately 3 to 4 mi- 
crons (.00012” to .00016”). Although all spool valves have 
internal leakage, at nis close tolerance between the spool 
and inside bore diameter, leakage is kept to a minimum. This 
also allows for spool overlap to be kept to a minimum. 


Spool configurations for 4-way proportional valves are basic- 
ally simple in construction and easy to apply. As previously 
discussed, the spools are designed specifically to provide 
metering in both directions. 
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Figure 4 shows a closed center spool. The metering notches 
are provided by machining triangular grooves on the spool 
lands, often referred to as “control grooves”. Each land has 
eight control grooves cut symmetrically around it, providing 
equal flow areas in both directions. 


When the spool is moved in either direction, the specially 
designed control grooves never move fully free from the an- 
nuli, thereby always retaining a metering function. As in the 
condition of conventional directional valves, the spool first 
moves through a deadband and then completely opens, to 
virtually eliminate metering. Although all proportional spools 
are positively overlapped precisely 11%, compensation has 
been made in the amplifier to reduce this to a minimum. The 
spool is normally used to control motors or cylinders (with 
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cylinder ratios close to 1:1). Since it is an equal area spool, 
the pressure drops from ports P to B, A to T or from ports P 
to A, and B to T stay fairly equal giving good controllability. 


Figure 5 shows a restricted center spool which gives a 
restricted flow path from P to.A and B, with T blocked. The 
restricted center position is achieved by machining square 
metering notches on both P port spool lands. This allows 
about 3% metered oil of the full flow rating of the spool. The 
spool is normally used in motor applications providing the 
necessary make-up oil in the center position, which may be 
needed due to motor leakage or any suction that is created if 
the motor is brought to a sudden stop. Other than the 
modified center position, the spool construction and 
operation is the same as the closed center spool. 


Figure 6 shows a 1:1 restricted center spool. This spool gives 
a restricted flow path from ports A and B to T with P 
blocked. Once again the square metering notches provide 
3% metered oil while in the center position. The spool is nor- 
mally used with single rod cylinders with an area ratio close 
to 1:1. Since all spool valves have some leakage, oil that 
leaks from port P when the valve is centered, can drain from 
ports A and B to tank. This eliminates the risks of cylinder 
extension and pressure intensification. When this spool is 
used for overhung loads, some type of counterbalance or 
pilot operated check valve must be used. 


A regenerative closed center spool is shown in Figure 7. The 
right outside land contains no control grooves, therefore 
blocking B to T when the spool is moved left. 


A regenerative spool (see Figure 8) with a restricted center 
allows oil to bleed from ports A and B to T with P blocked. 
The right spool land being extended with a square metering 
notch cut into it, provides the metered oil from B to T when 
centered. When the spool is moved to the left, B to T is 
blocked. 


2:1 SPOOLS 


When selecting the proper proportional spool for cylinders 
with area ratios close to 2:1, one must always make a careful 
decision. 


A 2:1 cylinder’s rod end delivers only half the amount of flow 
of that received at the blind end: the blind end delivers twice 
the amount of flow received at the rod end. If an equal area 
closed center or restricted center spool is used to control a 
2:1 cylinder, the pressure drop across the valve in both direc- 
tions can become fairly unequal. This can lead to cylinder 
control problems. To avoid this, a closed center or restricted 
center spool can be chosen with a reduced flow area giving 
one half the flow area on one side of the spool, as that of the 
other side (see Spool Chart on Page 7-9). 


The photograph shows how this reduced flow area is 
achieved. By eliminating half of the control grooves on one 
land, the flow area is one half of that of the other land. This 
keeps the total pressure drop across the valve fairly equal 





Figure 4 
PtoB 
AtoT 
Figure 5 
PtoB 
AtoT 





maintaining good controllability of 2:1 cylinders. 


Pressure drop calculations for 2:1 cylinders will be shown 
later in this text, as well as cavitation effects and braking 
pressure when a 1:1 spool is used with a 2:1 cylinder. 


3-WAY PROPORTIONAL 
PRESSURE CONROL VALVE 


Before presenting the pilot operated proportional directional 
control valve, let us first discuss the pilot head for this valve. 
In order to understand the total pilot operated proportional 
directional control valve assembly, one must first have a 
complete understanding of the pilot head, which is essen- 


Triangular grooves cut 
on both sides of the 
spool provide metering 
on both sides of the 
valve. 


Square metering notches 
provide a restricted center 
position from P to A & B 
with T blocked. 
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Figure 6 


Square metering notches, 
provide a restricted center 
position from A & B to T 
with P blocked. 
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Figure 7 


No metering notch 
here allows for 
using the valveina 
regenerative circuit. 
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FLOW PATHS AVAILABLE FOR 3 POSITION PROPORTIONAL SPOOLS 
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tially two 3-way proportional pressure reducing valves. A 
simplified diagram of a 3-way preportional pressure reducing 
valve is show in Figure 9. 


Figure 9 





When the solenoid is supplied with an input signal, a cor- 
responding force is created, shifting the spool to the right. 
This action opens port P to outlet port A allowing oil to pass 
to its required function. At the same time pressure building in 
port A is fed back to the opposite end of the spool applying a 
counterforce to that of the solenoid force. When pressure in 
port A builds up high enough to equal the force from the 
solenoid, the spool centers and goes to a no-flow condition. 
If pressure in port A overcomes solenoid force, the spool 
shifts left allowing oil to pass to tank until equalibrium is 
achieved between the two forces, once again allowing the 
valve to retum to a no-flow condition. This is basically repre- 
sentative of the actual pilot head. The only difference is the 
valve incorporates two proportional force solenoids, and 
consists of a special 3-piece spool arrangement. 
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Figure 10 
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Solenoid force operates directly on this 3-piece arrangement 
(see Figure 10), which consists of a control spool (4) with a 
sensing piston (5 and 6) in each end of the spool. Both sens- 
ing pistons are free to move in each end of the control spool. 


If solenoid B receives an input signal, the force of the sole- 
noid pushes directly against sensing piston 6 which pushes 
the control spool to the left. This allows oil to flow from port 
P to A and causes a pressure build-up in port A. At the same 
time, two radial drilled holes in the control spool allow 
pressure in port A to feed through the drilled hole furthest to 
the left, thus acting on sensing piston 5. Since the piston is 
free to move in the end of the control spool, the pressure 
pushes the piston out against solenoid A. The pressure force 
between piston 5 and the control spool work against the 
force of solenoid B. When pressure in port A increases (to a 
point where it corresponds to the force of solenoid B), the 
control spool is moved to the right, closing off the connection 
from P to A, while holding pressure in port A constant. If the 
force of solenoid B is reduced, the pressure in port A pushes 





the spool even further to the right. Oil can then drain from A serves to protect the pilot section since its maximum operat- 
to T until pressure is reduced to where it once again cor- ing pressure at port P is limited to 1450 PSI. 

responds to the force of the solenoid. If a signal is provided 

to solenoid A, the process reverses with port P opening up to 

Port B. 


PILOT OPERATED 
PROPORTIONAL DIRECTIONAL 
VALVE 


Now that the 3-way proportional pressure control valve has 

been discussed in its entirety, emphasis will now be placed 

on the total pilot operated proportional directional contro! a 
valve assembly. 


Electronically adjustable pilot operated proportional/direc- 
tional valves can be either internally or externally piloted 
from port X. Pilot pressure requirements must be carefully 
considered. To ensure full opening of the main spool under 
all operating conditions, a minimum pilot pressure of 435 
PSI is required at the pilot valve’s inlet. Also, if the valve is in- 
ternally piloted and the system operates above 1450 PSI, In Figure 11 when both solenoids are deenergized, the main 
a sandwich mounted pressure reducing valve must be spool (closed center 1:1) is held in its center position by 
mounted between the main valve and the pilot section. This a _pretensioned push-pull spring assembly. The push-pull 





Figure 11 
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spring assembly is fixed to one end of the spool by means of 
a rod, with the spring held between two retaining plates, 
allowing the rod to move freely through the retaining plates. 
A pressure signal in pilot chamber 10 moves the spool to the 
left, compressing the spring against the outer cavity of the 
end cap; or it can be said that a pressure signal in chamber 
10 moves the spool to the left pushing on the spring assem- 
bly. A pressure signal in pilot chamber 11 moves the spool to 
the right compressing the spring against the valve housing or 
pulling on the spring assembly. The spool is “spring cen- 
tered” until pilot pressure in one of the end caps is sufficient 
to move the spool to a metering position. The maximum pilot 
pressure needed in either chamber to cause full movement of 
the spool is 365 PSI. When solenoid B receives its maximum 
signal, the solenoid develops 14 Ibs. of force and moves the 
control spool to the right allowing a 365 PSI pressure signal 
to develop in chamber 10. At the same time, the main spool 
is moving left a proportional distance to the pressure signal 
developed by the force solenoid. 


Not until the force of the solenoid corresponds to that of the 
pressure in chamber 10, does the pilot valve hold constant 
pressure in the pilot chamber. The main spool then main- 
tains a set position which in this case, would cause the spool 
to travel its full distance. Since the spool moves in proportion 
to the input signal to solenoid B, the control grooves open 
progressively to give an increasing flow from P to A and B to 
T. If a signal is received at solenoid A, the process reverses 
and the main spool moves to the right allowing oil to pass 
from P to B and A to T. 


Adjustable forces are achievable by the amount of signal 
supplied, making it possible for various spool positions to be 
set. Since the control grooves are triangular in shape to pro- 
vide metering, each time a particular spool position is set a 
particular orifice is created. Various speeds for motors and 
cylinders can therefore be set, by the desired amount of 
signal directed to the valve. With the help of the electronic 
amplifier, a time controlled movement of the spool can pro- 
vide smooth starting and stopping of loads. If, for example, 
the pilot operated proportional directional valve just de- 
scribed were used to accelerate a load to a constant velocity 
and then decelerate the load to a stop, with a time controlled 
movement of the spool and the precise metering of the spool, 
this would be accomplished very smoothly. 


Let us consider solenoid B as requiring a 100% signal to 
determine the set point. When solenoid B receives a 100% 
signal the signal can be increased with the help of the elec- 
tronics, from 0 to 100% in a given time rate. This means the 
force of the solenoid is gradually increasing and a pressure 
signal is gradually developing in the pilot chamber. At the 
same time the main spool is proportionally moving from its 
center position to its set point providing a progressive open- 
ing of ports P to A and B to T and accelerating the load to a 
constant velocity. When decelerating the load to a stop, 
solenoid B is deenergized decreasing the signal from 100% 
to zero in a given time rate and proportionally moving the 
spool back from its set point to its center position bringing 
the load smoothly to a stop. It should be clear as the signal 
increases from 0 to 100% or decreases from 100% to O that 
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the spool is also responding to the increasing or decreasing 
time controlled signal. So, the rate for which the signal is set 
determines the rate at which the spool reaches its set point. 
The amount of signal determines the final set point of the 
valve or the final spool position; which allows us to conclude 
that: 


1. The amount of signal determines the final spool 
position. 

2. With the help of the amplifier, a time controlled signal 
determines how fast or how slow the spool is going to 
reach its set point, directly corresponding to ac- 
celeration and deceleration. 

3. The spool provides metering in both directions. 


HYDRAULICALLY OPERATED 
PROPORTIONAL DIRECTIONAL 
VALVE 





Many applications require the control of a proportional direc- 
tional valve, but for various reasons designers do not want 
the electronics involved. A direct pilot operated proportional 
directional valve without electronics can be used if simple 
direct control is all that is needed. Its main valve assembly 
is exactly the same as the electronically controlled pilot 
operated directional valve. The only difference is, the pilot 
head is replaced with a connecting plate (see Figure 12). 


Instead of having an electronically controlled proportional 
valve, it becomes a hydraulically controlled proportional di- 
rectional valve, requiring external pilot pressure. 


The connecting plate connects pilot ports A to Y and B to X. 
Providing pilot pressure at port X causes movement of the 
spool to the right to give a flow path from P to B and A to T. 
Pilot pressure at port Y causes the spool to move left giving a 


Figure 12 





flow path from P to A and B to T. Movement of the spool is 
proportional to a pilot pressure between 21 and 365 PSI. 


Common pressure controls used to provide pilot pressure 
are joysticks, footpedals, and pressure reducing valves. (see 
description & photograph on pages 6-47 and 6-52). Any of 
these can be mounted away from the main valve, providing 
easy installation in control consoles and test areas. 


TYPICAL OPERATING CURVES 
FOR PROPORTIONAL 
DIRECTIONAL VALVES 


To provide full control of proportional directional control 
valves, both the inlet and outlet must be continually metered. 
In order to achieve good resolution, the maximum possible 
spool stroke must be utilized. Various nominal flow ratings 
are available for each particular valve size, and this is made 
possible by either increasing or decreasing the size or num- 
ber of the control grooves. 


Along with each nominal flow rating, an operating curve has 
been developed, making sure that the intended use of the 
spool allows for maximum controllability. 


Shown in the operating curve (Figure 13) is a flow to input 
control current percentage relationship for a 26.4 GPM 
nominal spool. As an example, let us consider the following. 
When a 26 GPM flow rate is required, and the valve must 
operate from a closed condition to a fully open condition, 
looking at the curve for 100% control current and a flow rate 
of 25 GPM, the total pressure drop across the valve is 150 
PSI. This would mean a pressure drop of 75 PSI from P to A 
and 75 PSI from B to T, thus utilizing the full spool stroke of 
the valve. If, however, only a 10 GPM flow rate were required 
and the same 26.4 GPM nominal spool were used, looking 
back at the curve at 70% control current, the valve is already 
passing 10 GPM at 150 PSI pressure. Anything beyond 70% 


Figure 13 


FLOW GPM 





25 30 40 50 60 70 
CONTROL CURRENT (%) 


80 90 100 


26.4 GPM nominal flow 
at 145 psi across valve 


LAp= 145 psidrop 
ZAp= 290 psi drop 
3Ap= 435 psidrop 
4Ap= 725 psi drop 
5Ap = 1450 psi drop 


control current does not effectively utilize the full spool 
stroke. The valve would virtually pass 10 GPM unmetered 
providing little or no controllability at that end of the curve. A 
smaller spool would be needed to give full control. 


The curve clearly demonstrates that the purpose of using 
proportional directional valves is to provide control. In order 
to provide full control, there must be metering, meaning there 
must be pressure drop across the valve. The example just 
given does not consider load conditions. A more detailed ex- 
planation of these curves is covered later in Chapter 9. 


SPOOL MOVEMENT WITH 
STEPPED INPUT SIGNAL 


When predicting the maximum cyclic rate and load condition 
of a particular circuit, it is sometimes necessary to consider 
the physical limiting factor(s) of the valve(s) being used. 
Although the natural frequency of the system (and therefore 
the maximum acceleration rate), more often than not be- 
comes the limiting factor, it is important to familiarize your- 
self with the response characteristics of the valve. (Natural 
frequency will be explained later in Chapter 9). This is par- 
ticularly true when process controllers or computers are used 
to control the time relationships between component func- 
tions. By being able to predict a dependable valve response 
characteristic, computerized control can repetitively an- 
ticipate the required starting point of a function. The com- 
puter or a controller is then able to start the valve, prior to the 
occurance of a required function. In this way, deadband is 
eliminated and cycle rates can be improved. 



















Figure 14 
A 100 SIGNAL STEP 0- 100% 
oo NT 
soli ATT 
~ oii TNT 
SIR HI an 
9 
= 50 
= 40 
” 30 
20 
10 
0 20 40 60 80 100 0 20 40 60 80 100 
TIME t (ms) 
Pilot Pressure p = 725 psi 
B 100 SIGNAL STEP 25-75% 
ATT T 
90 
so CE FETT 
~ 72a —— 
S seo CAO INI 
Z 50 EAN 
= 40 
ð 30 
20 
10 
0 20 40 60 80 100 0 20 40 60 80 100 
TIME t (ms) 
C 


Stroke (%) 





0 20 40 60 80 100 


0 20 40 60 80 100 


TIME t (ms) 


Figures 14 A, B and C show the fastest possible movement 
of the spool from one position to another, assuming a 
stepped (immediate change) input from the electronic am- 
plifier. Figure A shows a change in command from O to 
100% on the left of the graph and a change in signal from 
100% to 0 on the right. Figures B and C are similar, however 
Figure B shows a 50% stepped signal change (25% to 75%) 
and Figure C shows an 80% change in command (10% to 
90%). It is important to note that the above Figure 14 
graphically represent the valve’s reaction to a single change 
in input signal. They show the time required in milliseconds 
for the valve to reach a desired position, assuming an im- 
mediate command to go to that position. This time 
requirement introduces phase lag in the system which is im- 
portant when considering a cyclic change in command. 


In Figure A the graph shows that the signal for the valve to 
go from 0 to 100% must endure for approximately 80 
milliseconds in order to have the valve achieve 100% open- 
ing. Likewise, when the signal is taken away, no new com- 
mand can be introduced for at least 70 milliseconds if the 
valve is to fully close. In other words, approximately 150 
milliseconds are required to achieve a complete cycle. This 
means: 


1 cycle 1000 ms _ 66 le/ 
150 milliseconds sec “0 CyCcle/sec. 


Consequently, the fastest the valve can be cycled and 
achieve 100% response is 6.6 cycles per second. If the 
signal changes cyclically at a faster rate, the valve can no 
longer keep up with the command. For instance if the signal 
is changing at ten cycles per second, the O to 100% com- 
mand to the valve tells the valve to open. The valve, 
however, may only achieve 50% opening before it gets a new 
command to close. 


FREQUENCY RESPONSE CURVES 


In order to further explain the frequency response charac- 
teristics of the valve we must first discuss the terms used to 
describe these measurements of performance. 


Frequency: The number of times any action occurs in a given 
measure of time. More specifically when frequency is 
assigned in units of Hz, we are speaking of the number of 
cycles per second. As used in this text, we are referring to 
the frequency in Hz of the command signal. 


Amplitude Response: Is a ratio of output change to input 
change. Amplitude response is measured in db (decibels). 


Decibels: Is the logs of the ratio of output change to input 
change. Logarithms are used in order to condense numbers. 


Example 1: Input change: 100% 
Measured output change: 50% 





Basic construction of the valve is similar to the 3-way pro- 
portional pressure control valve. Both possess force sole- 
noids, but with this third type of valve, the 3-piece spool 
assembly is replaced with a proportional spool. In this case, 
when either one of the solenoids receives an input signal, the 
force from the solenoid operates directly on the spool. 


When both solenoids are deenergized the spool is held in its 
center position by two return springs. If solenoid A receives 
an input signal, the spool is moved to the right a proportional 
distance to the signal, allowing oil to progressively flow from 
P to B and A to T. The same holds true for solenoid B, ex- 
cept the spool moves left against the spring force allowing oil 
to progressively flow from P to A and B to T. 


Figure 17 
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A proportional solenoid with a built-in positional transducer, 
sometimes referred to as a LVDT (linear variable differential 
transformer), is called a stroke controlled solenoid. (See Fig- 
ure 18). The primary reason these solenoids were developed 
was to improve valve performance. This was made possible 
through the LVDT which provides electrical feedback 
allowing the stroke of the solenoid to be measured more ac- 
curately. 
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50% 
s a A — N 10 = —3db 
Amplitude Response (db) = log 10 100% 


The negative sign indicates that the output is becoming less 
since the logs of a fractional number is negative. 


Example 2: Input change: 100% 
Output change: 100% 


100 


Amplitude Response (db) = log 100 x 10 = Odb 





Phase lag: The time required for the output to recreate the 
command of the input. In cyclic occurrences this is normally 
measured in degrees (refer to Figure 15). 


Figure 15 


A Cyclic 





B 90° Phase 





NOTE: At 180° of phase lag the system goes into instability. 
This is due to the fact that the output does exactly the op- 
posite of the command. In other words, as the command 
grows larger the output grows smaller and vice versa. 


Figure 16 
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Fiqure 16 shows a typical frequency response curve for a 
proportional (or servo) valve. In this graph the top curve 
(descending curve) shows the relationship between ampli- 
tude response and frequency. Curve 1 shows a + 25% 
change assuming a 50% input (50% opening P>A and 
BT). Curve 2 shows a 50% signal which varies to a high of 
100% and a low of 0% cyclically. For this particular valve at 
an amplitude -3db (50% output) the frequency response is 
10 Hz. It is important to note that the industrial standard for 
representing valves has been placed at the -3db level. The 
curves clearly indicate, that as the signal comes faster and 
faster, the amplitude of spool motion in the valve becomes 
less and less. 


The bottom curves in Figure 16 show the relationship be- 
tween phase lag and frequency. Phase lag as measured in 
degrees is shown on the right vertical axis of the graph. As 
the signal increases in frequency the ability of the valve to 
keep up becomes less and less; in other words the phase lag 
becomes greater. In comparing curve 1 and 2 (variations in 
the amount of signal. change as previously discussed), it 
takes considerably longer (more degrees of phase lag) for the 
spool to catch up as the amount of required spool motion is 
increased. 


ELECTRONICALLY 
CONTROLLED DIRECT 
OPERATED PROPORTIONAL 
DIRECTIONAL VALVES 


Up to this point two types of proportional directional valves 
have been discussed; electronically controlled pilot operated 
directional valves and hydraulically controlled proportional 
directional control valves. A third type used for lower flow 
ranges than those just mentioned is an electronically con- 


trolled direct operated proportional directional valve (see 
Figure 17). 
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When a proportional solenoid first receives an input signal 
causing it to respond, a certain percentage of error is gener- 
ated if direct operation of a process is required. Such would 
be the case with a directly controlled spool stroke of a direc- 
tional valve. Since the LVDT is built into the end of the 
proportional solenoid, it measures what the actual spool 
position is, and then feeds back a signal to the amplifier. The 
input signal and feedback signal (or actual value) are then 
compared electronically in the amplifier. From these two 
values a corrected signal is generated back to the solenoid to 
compensate for any error generated. This results in the flow 
forces on the spool (being counteracted), maintaining a very 
accurate spool position (orifice flow area). 


DIRECT OPERATED 
PROPORTIONAL DIRECTIONAL 
VALVE WITH FEEDBACK 





Figure 19 


So far discussion about proportional directional valves has 
been solely based on directional valves with force controlled 
solenoids. Proportional directional valves that incorporate 
positional feedback can be directly operated with a high 
degree of accuracy. 


Figure 19 shows a direct operated proportional valve, stroke 
controlled, with its spool held in center between two cen- 
tering springs. When solenoid A receives an input signal the 
spool is moved to the right opening ports P to B and A to T. 
When solenoid B receives an input signal, the spool moves 
to the left opening up ports P to A and B to T. The LVDT 
being mechanically linked to solenoid A is capable of move- 
ment + .117 in. for either direction of the spool. Thus when 
either solenoid receives a particular input signal the spool 
moves a corresponding distance. This causes the core of the 
LVDT (since it is mechanically linked to solenoid A) to move 
out of equalibrium, which induces a signal and feeds it back 
to the amplifier relaying to it the actual spool position. The 
input signal and feedback signal (or actual value) is then 
compared electronically in the amplifier. From these two 
values a corrected signal is generated and fed to the solenoid 
giving a definite position of the spool. If feedback is lost the 
spool will return to its center position. This safety feature is 
built into the amplifier. 


The main spool, similar to that in the pilot operated propor- 
tional directional valve, has control grooves cut into it giving 
a progressive flow action. Unlike the pilot operated direc- 
tional there is no need for pilot pressure since the valve is 
directly operated. 


It also should be mentioned that stroke controlled direc- 
tionals are the most accurate of all proportional directional 
valves but have one small drawback, their size. A DO2 valve 
size is the largest available at a nominal flow rating of 16 
GPM at 150 PSI drop across the valve, whereas pilot oper- 
ated proportional directionals are available in a D10 valve 
size with a nominal flow rating of 137 GPM at 150 PSI drop. 
Stroke controlled proportional directionals could be made 
larger to handle more flow; however, there is the problem of 
higher flow forces being generated at higher flow rates. With 
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the solenoid acting directly on the spool, the solenoid would 
have to become very large to counteract the generated flow 
forces. Although the electrical feedback would try to main- 
tain spool position, the solenoid would eventually run out of 
force. 


DIRECT OPERATED 
PROPORTIONAL RELIEF VALVE 





Direct operated pressure relief valves are poppet type valves 


Figure 20 


which are electronically adjustable with an LVDT for posi- 
tional feedback. (See Figure 20.) 


The pressure setting of the valve is directly proportional to 
the input signal. When the proportional solenoid receives an 
input signal, the stroke of the solenoid pushes directly on a 
pressure pad. This in turn pushes on a compression spring 
with the spring pushing on the poppet. The actual position of 
the pressure pad is then determined by the LVDT feeding a 
signal back to the amplifier. The feedback signal and input 
signal are then compared electronically sending a corrected 
signal back to the solenoid. A definite position of the pres- 
sure pad is then maintained. A very accurate spring tension 
is also maintained which accounts for very accurate pressure 
settings. 


When pressure exceeds the setting of the spring, the poppet 
opens allowing oil to flow from the pressure port through the 
spring chamber to the tank. As with the pilot operated pro- 
portional pressure relief valve, the pressure setting can be 
gradually increased or decreased with the help of the am- 
plifier. 


Since the pressure can be set very accurately, the valve is 
used extensively in injection molding applications where in- 
jection pressure accuracy is critical. It also can be used as 
a pilot control for logic elements and pressure relief valves. 
Maximum flow capabilities are limited by the various pres- 
sure ranges, since seat diameter decreases with increased 
pressure capability. 


If power is lost, solenoid force is reduced to zero and the 
valve’s pressure setting is dependent only on the unloading 
characteristics of the valve. 
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PROPORTION AL PRES SURE The 2-way proportional pressure compensated flow control 


alve consists of an electrically adjustable control orifice 

COMPENSATED which is in series with a i 
pressure reducing valve spool called 
FLOW CONTROL VALVE a hydrostat (see Figure 21.) The hydrostat is placed before 


the main control orifice and is held in its open position by a 
light spring. If the input signal to the solenoid is- zero, the 
main control orifice remains in a closed position by means of 
a light spring force. When the solenoid receives an input 
signal, the stroke of the solenoid operates directly on the 
control orifice moving it downward against the spring to an 
open position, thus allowing oil to pass from A to B (Figure 
22.) At the same time the LVDT, as discussed in previous 
sections, provides the necessary feedback to maintain posi- 
tion. In this case the LVDT is providing feedback to maintain 
a very accurate orifice setting. Pressure compensation is 
achieved by feeding a pilot passage from the front of the con- 
trol orifice to one end of the hydrostat and feeding a pilot 
passage beyond the control orifice to the opposite end of the 
hydrostat, assisted by the spring. Load induced pressure at 
the outlet port or pressure deviations at the inlet port are 
therefore compensated for by the hydrostat, resulting in a 
constant output flow. 





Fiqure 22 . 
gure —L.V.D.T. 









Proportional flow control valves are pressure compensated 
2-way valves with the main control orifice being electron- 
ically adjustable. 


Similar to conventional pressure compensated flow control 
valves, a proportional pressure compensated flow control 
valve maintains a constant flow output by keeping the pres- 
sure drop across the main control orifice constant. The pro- Solenoid —_, 
portional valve, however, is different in that the control i 
orifice has been modified to work in conjunction with a 


stroke controlled solenoid. Contral — h. | 
Orifice — oes ee 
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Time controlled opening and closing of the orifice is made 
possible with the help of the amplifier. For reverse free flow, 
a check assembly is built into the valve to give a free flow 
path from B to A. 


Proportional flow control valves can also be provided with 
either linear or progressive flow characteristics. The input 
signal range is the same for both, except the progressive flow 
characteristic gives a finer control at the beginning of orifice 
adjustment. 


If. power or feedback is lost, solenoid force reduces to zero 
and the spring pushes the orifice closed. Also, when power is 
supplied and the feedback polarity is reversed, by mistake, 
the orifice remains in its most open position. 


PROPORTIONAL FLOW LOGIC VALVE 








Z 
7P 


Proportional flow control logic valves are electrically ad- 
justable flow controls that fit into the standardized logic 
valve cavity. The cover and cartridge are assembled as a 
single unit, with the cover consisting of a proportional force 
solenoid and pilot controller (see Figure 23). When an elec- 
trical signal is put into an electronic amplifier, the solenoid 
and controller adjust the pilot pressure supplied from the “A” 
port side, to change the spool position. The position is then 
fed back to the amplifier by a linear variable differential trans- 
former (LVDT). This maintains the desired orifice condition 
for flow from the “A” side to the “B” side of the element. The 
proportional logic valve is available with either linear or 
progressive flow characteristics which are adjusted by a 0 to 
6 volt or a 0 to 9 volt command signal. 


The valve is relatively unaffected by changes in the system 
pressure; so it can open and close the orifice in the same 
amount of time. This maximum time can be changed on the 
amplifier card by adjusting a built-in ramp generator. The 
amplifier can be used in a variety of ways. An external poten- 
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tiometer can make the orifice remotely adjustable while the 
maximum spool acceleration is .still limited by this internal 
ramp, or a limit switch can be used to tum the ramp on and 
off. In the event of a power failure, the element will return to 
its normally closed position. 


Figure 23 
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PROPORTIONAL VANE PUMP 


The proportional vane pump is a variable volume vane pump 
which, in principle, has the control operation of a load sens- 
ing control (Chapter 6). The pump, therefore, provides a con- 
stant output flow as long as there is constant pressure drop 
across an orifice. Furthermore, when comparing this pump 
to a standard vane pump with load sensing, both the main 
throttle orifice and pressure relief valve (which is used for the 
pressure compensation stage) can be electronically set for 
flow and pressure control rather than manually setting these 
adjustments. 





BASIC PUMP OPERATION 


The cam ring of the variable volume vane pump (see Figure 
24) is held between two control pistons. The larger piston 
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is assisted by a light spring force which has twice the effec- 
tive area of the smaller piston, therefore, during start-up the 
spring force holds the cam ring in an eccentric position allow- 
ing the pump to displace fluid. System pressure works on 
both pistons and as long as the larger piston is not vented to 
tank, the pump will maintain an output flow. As soon as the 
larger piston is vented to tank, the smaller piston which is 
still pressurized, pushes the cam ring in a concentric position 
providing a no flow condition until system pressure is re- 
established over both pistons. (For a more detailed explan- 
ation on variable volume pumps refer to Chapter 6.) 


CONTROL OPERATION 


The output flow of the pump is directed through the elec- 
tronically settable orifice which for any particular setting of 
the orifice, the pressure drop is maintained constant by the 
load sensing pump control. The control spool in the pump 
control works much like a hydrostat in a pressure compen- 
sated flow control valve. The control spool (bottom spool in 
Figure 25) senses pressure at both the inlet and outlet of the 
proportional orifice. The outlet sensing side of the spool is 
assisted by an adjustable spring force which is normally set 
at approximately 150 PSI. The setting of this spring force 
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Figure 25 





determines the pressure drop across the main orifice. By 
adjusting this differential pressure, an exact flow can be 
achieved for a given electronic input signal. 


Since the control spool is of equal areas at both ends, it 
modulates to maintain a balance between inlet pressure ex- 
posed on the left side and outlet pressure plus spring force 
on the right. When the orifice is moved in a closing direction, 
or where there is a loss in load induced pressure, a tendency 
exists where inlet pressure tries to exceed outlet pressure 
plus spring force. This cannot happen since the higher inlet 
pressure pushes the control spool to the right partially un- 
loading the pump’s larger control piston. In this way pump 
flow decreases until inlet pressure again balances outlet 
pressure plus spring force. Conversely, if the proportional 
orifice is opened, or if load induced pressure increases, inlet 


Figure 26 
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pressure at the orifice is no longer sufficient. This, however, 
unbalances the spool so that it moves left loading the pump 
control piston. The pump flow increases until the resistance 
to flow at the main orifice reestablishes the modulating 
pressure balance on the control spool. Due to the fact that 
the electronically selected flow is influenced by only the 
orifice area, and the constantly maintained pressure drop, 
(GPM = CA Vv A P), the pump’s volumetric efficiency does 
not influence the desired flow selection. 


PROPORTIONALLY ADJUSTED PRESSURE 
COMPENSATION 


The electronically settable pressure control, and pump’s 
pressure control spool (top spool is Figure 25) works in a 
manner identical to the electronic proportional relief valve 
discussed previously. As long as load induced pressure 
working over the effective area of the pilot poppet does not 
exceed the adjusted solenoid force, there is no pilot flow, 
hence there is no A P on the orifice located adjacent to 
spring chamber (in reference to Figure 25). A pressure bal- 
ance then exists on this spool and the spring force keeps the 
spool to the left in a “pump loaded” position. When load in- 
duced pressure exceeds the setting of the proportional relief 
valve, the pilot flow across the fixed orifice creates a pres- 
sure imbalance on the top control spool. The spool snaps to 
the right thus pressure compensating the pump. 


PROPORTIONAL PRESSURE RELIEF VALVE 


The proportional pressure relief valve is direct operated, and 
is controlled by a force solenoid. The desired amount: of 
signal to the solenoid determines the maximum pressure at 
which the pump compensates. Likewise, the minimum pres- 
sure at which the pump compensates is determined by the 
setting of the spring adjustment on the pressure control 





spool. This generally is set at a low pressure for proper oper- 
ation of the pump.control. The pilot valve can handle flows 
up to 3.2 GPM which is more than sufficient for draining oil 
from the control section of the pump. Sandwiched directly 
beneath the electronic proportional valve, is a mechanically 
adjustable pressure relief valve. Similar to the proportional 
pilot operated relief valve with maximum pressure protec- 
tion, this valve can be adjusted slightly above the setting of 
the proportional force solenoid. In the case of power failure 
or high current peaks, there is always maximum protection 
provided for the pump. The sensitivity of the solenoid 
requires that the tank port be run separately back to tank, 
avoiding any back-pressure that otherwise might develop in 
the valve. 


ELECTRONICALLY ADJUSTABLE 
MAIN ORIFICE 


The main orifice (Figure 26) is a spool type variable orifice 
controlled by a proportional solenoid with an LVDT for 
positional feedback. The orifice is shown in a closed con- 
dition. As the desired amount of signal is increased, the 
solenoid pushes directly on the spool which is counteracted 
by a light spring at the opposite end. If power or feedback is 
lost, the force of the spring pushes the spool back to a closed 
condition. At each position of the spool the orifice propor- 
tionally opens allowing the output flow of the pump to pass 
from port A to B. 


For maximum protection of the pump, a quick acting me- 
chanically adjustable relief valve can be obtained in the hous- 
ing of the orifice. This is fitted just before the inlet side of the 
orifice (A side) so that high pressure peaks can be avoided. 


PROPORTIONAL PRESSURE CONTROL SYMBOLS (WITH FORCE SOLENOIDS) 


SYMBOL 








Without Maximum With Maximum 
Pressure Protection Pressure Protection 
A A 
ſẽ [os 


DESCRIPTION 


Electronically Adjustable 






Direct Operated, Pressure Relief Valve, 
(Pilot head) 










Pilot Operated, Pressure Relief Valve, 
Internal Pilot, External Drain 














Pilot Operated, Pressure Relief Valve, 
External Pilot, External Drain 





Pilot Operated, Pressure Reducing Valve, 
External Drain 







Pilot Operated, Pressure Reducing Valve, 
External Drain, Reverse Free Flow Check 
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3-Way Pressure Reducing Valve (Pilot 
head for pilot operated directional 
valves) 





PROPORTIONAL DIRECTIONAL VALVE SYMBOLS (WITH FORCE SOLENOIDS) 





SYMBOL DESCRIPTION 








[lS ee Ce a —— 


a 








GP 





T 
Tee iss 







Detailed Symbol of Pilot Operated 
Proportional Directional Control 
Valve 





—— 
a ee aa 


Electronically Adjustable, Pilot Operated, 
Spring Centered, Internal Pilot, Internal 
Drain 







Electronically Adjustable, Pilot Operated, 
Spring Centered, Internal Pilot, External 
Drain 







Electronically Adjustable, Pilot Operated, 
Spring Centered, External Pilot, Internal 
Drain 








Electronically Adjustable, Pilot Operated, 
Spring Centered, External Pilot, External 
Drain 





Hydraulically Adjustable, Remote Pilot 
Operated, Spring Centered 


A, ,B 
aah £ Electronically Adjustable, Direct Operated, 
a LX | | Xib Spring Centered 
——— DI i 7 


P T 





PROPORTIONAL VALVE SYMBOLS (WITH POSITIONAL FEEDBACK) 


DESCRIPTION 


Electronically Adjustable, Direct Operated 
Pressure Relief Valve, with Feedback 


Electronically Adjustable, Pressure 
Compensated Flow Control Valve, with 
Feedback of Main Flow Orifice Setting 


Electronically Adjustable, Direct Operated 
Directional Valve, with Feedback of Spool 
Setting 


Electronically Adjustable Flow Logic 
Valve, with Feedback of Flow Orifice Setting 
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CHAPTER 8 


ELECTRONIC AMPLIFIER CARDS 


ELECTRONICS 


In order to operate any proportional solenoid, two major 
electronic devices are needed: an amplifier and a power 
supply. The electronic amplifier, often referred to as an am- 
plifier card, provides the driving current to the proportional 
solenoid and interfaces the control signal. The power supply 
converts 120 volts AC power to 24 volts DC power which is 
needed for the card, (see Figure 1). 


For each particular proportional valve there is a specific am- 


plifier card that is needed to operate the valve. The following 
discussion will be based solely on these amplifier cards. 


Figure 1 







120v AC 


ELECTRONIC AMPLIFIER & POWER SUPPLY 


Figure 2 


Inputs 2ac 


P2 


To clarify the different types of amplifiers, the first one to be 
discussed will be referred to as a Type VT-2000. It is pri- 
marily used for controlling pilot operated proportional 
pressure relief and pressure reducing valves. Other uses are 
to control single solenoid two position pilot operated propor- 
tional directional valves as well as proportional pumps and 
motors, all possessing force solenoids. 


Amplifier Type VT-2000 being the simplest in internal elec- 
tronic circuitry, also requires the least amount of wiring. 
Figure 2 is a functional block diagram of the VT-2000. 


The user should mainly concern himself with how to wire the 
card and how to use the card adjustments in conjunction 
with the valve, rather than be overly concerned with the in- 
ternal electronic circuitry of each block. The diagram shows 
an input and output side where all external wiring takes 
place. Anything in between these two lines, designated by 
the dashed lines, is already on the amplifier card. Beginning 
with the input side; this is where power is supplied and where 
a command signal must be provided. When supplying power 
to the card a specific polarity must be observed, meaning the 
positive lead from the power supply must be connected to 
the proper terminal on the card as must be the negative lead. 
If these leads are accidently switched, internal damage to the 


L 
22ac 
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card generally does not occur due to the input being diode 
protected; however, the card will obviously not be able to 
operate properly. 


In order to operate the valve, a low level command signal 
must be provided on the input side. This is achieved by 
providing reference voltage terminals +9V, OV, —9V, at the 
points where either a switch or potentiometer can be added. 
The potentiometer is preferred more often than the switch 
because it is an electrical device that can provide an ad- 
justable command signal by simply turning a knob. Looking 
at the output side, terminals are provided for wiring to the 
force solenoid. Also, only one force solenoid can be con- 
trolled by the amplifier at one time. 


INTERNAL CIRCUITRY 


As was stated previously, anything between the dashed lines 
is already on the card. Each block in the diagram represents 
a specific function. 


As power is supplied to the card (terminal 24 ac (+), terminal 
18 ac (—)), the first block it encounters is voltage filtering and 
regulation (1). Since the supply of the 24V DC is not neces- 
sarily consistently smooth or steady, voltage regulation is 
used to provide a fixed known level of voltage (designated by 
terminals 10 ac (+9V), 14 ac (OV), and 16 ac (—9V)) which is 
used for the rest of the circuitry. Voltage regulation also 
provides stability with respect to temperature to keep the 
card accurate over a wide temperature range: as ambient 
temperature varies, the set point on the card will not vary. 


From these known levels of voltage referred to earlier as 
reference voltage terminals, a potentiometer or switch can be 
wired, providing the required command signal. Looking back 
at Figure 2 a potentiometer is shown wired to the card. One 
leg of the potentiometer is connected to terminal 10 ac 
(+9V), the other leg of the potentiometer is connected to ter- 
minal 14 ac (OV) with the wiper or output of the poten- 
tiometer connected to terminal 12 ac. This provides a com- 
mand signal range from 0 to +9V which can be adjusted by 
turning the potentiometer. 


As the signal proceeds from 12 ac, the second block it en- 
counters is called a ramp generator (2). The‘input command 
signal goes into the ramp generator and comes out as a linear 
change with respect to time. This is the generator’s sole func- 
tion. The most important thing to remember about the ramp 
generator is the signal from the generator does not change in 
magnitudé, it reproduces the magnitude of the input at a 
given time rate. In other words, if the input goes from O to 
100%, the output goes from 0 to 100% but at a given time 
rate. Likewise, when the input goes from 100% to 0 the out- 
put goes from 100% to 0 at a given time rate. The ramp 
generator will not allow the output to move any faster than 
the ramp adjustment setting. Ramp adjustments will be dis- 
cussed later. 


The output of the ramp generator then proceeds to the next 
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block, which is the matching amplifier (3). This is basically 
an amplification stage. 


The fourth block is a summing amplifier (4). This block adds 
together three signals; one signal from the dither oscillator, a 
signal from adjustment P1, and the input signal. The dither 
oscillator generates a modulating signal in order to minimize 
solenoid hysteresis. The other signal from P1 is a pilot or 
bias current setting. 


The last block is a power or output amplifier (5) which has 
two basic functions. First, it is responsible for amplifying the 
signal up to the power level needed to drive the solenoid. 
Secondly, it provides current feedback to continue stable 
operation over changes in coil temperature and wiring losses. 


AMPLIFIER ADJUSTMENTS 


Every amplifier card has a number of adjustments on it that 
need to be set for proper operation of the valve. These are 
most often referred to as presets which are actually multi- 
tum potentiometers. 


ADJUSTMENTS P3 AND P4 


As previously mentioned, the ramp generator can be ad- 
justed. A VT-2000 has two ramp adjustments: one is desig- 
nated P3 for setting the ramp up time (or the time it takes for 
an increasing signal), and one is designated P4 which is for 
setting the ramp down time (or the time it takes for a 
decreasing signal). Having two separate ramp adjustments, 
independent ramp times can be set. If, for example, the 
situation calls for the use of a proportional pressure relief 
valve and a slow pressure build-up is required with quick 
unloading of a pump, by setting P3 for a slow ramp up time 
the maximum pressure setting of the valve can take as long 
as 5 seconds. By setting P4 for a fast ramp down time, the 
pump can be quickly unloaded. Likewise, P3 can be set so 
pressure builds up quickly and P4 can be set so the pump 
unloads slowly. 


Figure 3 
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Acceleration, deceleration; and decompression can be 
achieved through the use of the ramp generator. The given 
ramp time range for the amplifier card is from 0.1 second 
minimum to 5 seconds maximum. The maximum 5 second 
time limit, however, is achievable only by providing a full +9 
volt signal to the input of the ramp generator. If a signal is 
provided lower than +9V, the ramp time will not be achieved 
in the full 5 seconds as intended. Figure 3 demonstrates this 
relationship more fully. 


At 100% signal a maximum ramp time of 5 seconds is 
achieved. By changing the input signal to 50% and keeping 
the ramp time set at its maximum value, the ramp time 
reduces to the change in signal. It also should be mentioned 
if no ramp time is required, terminals 4 ac and 2 ac can be 
bridged by either a jumper wire or a switch. By jumping 4 ac 
and 2 ac the signal bypasses the ramp generator completely. 
This means the output follows the input, or the valve will re- 
spond directly to the potentiometer setting. 


PRESETS P1 AND P2 


Figure 4 
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The force out of a proportional valve is linear only over a par- 
ticular range (Figure 4). Proportional valves are designed to 
work over this linear range and anything below the nonlinear 
point on the curve becomes unpredictable. To overcome 
this, preset P1 (which is a bias current setting) adds a signal 
to boost the input signal to that useable linear portion of the 
curve. This allows the force output of the valve to work only 
over this useable linear range. Because this amplifier is not 
exclusively used for proportional pressure relief valves, and 
because this nonlinear point differs for other components 
that require the use of this amplifier card, P1 is capable of ad- 
justing a bias current from 0 to 300 mA. To further demon- 
strate this point, a performance curve for a proportional 
pressure relief valve is given in Figure 5. 


From the figure it can be seen that a portion of the curve is 
called dead range or deadband. Dead range is where the set- 
ting of P1 is of the utmost importance. For example, if P1 is 
set at zero and a potentiometer is used to provide the com- 
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mand signal, as the potentiometer is turned the valve will not 
build pressure until the point is reached where the signal 
provides approximately 180 mA. The signal must first travel 
through the dead range before the valve responds. In order to 
boost the input signal to its proper starting point, P1 has to 
be adjusted to provide approximately 180 mA signal. In this 
way, when one first begins to turn a potentiometer, the valve 
immediately starts to build pressure. (P1 would be set at ap- 
proximately 180 mA only assuming the lowest set pressure 
related to flow is about 100 PSI.) 


To set the maximum pressure of the valve, preset P2 must 
be used. P2 is a maximum current limitation adjustment, 
which is accessible on the front face of the card. P2 can be 
adjusted to limit the command signal, so if the full pressure 
range for the proportional pressure relief valve in Figure 5 is 
desired and assuming P1 is set for 180 mA, P2 would have 
to be set for its maximum value of 800 mA. If a lower pres- 
sure setting of the valve is required, P2 can be adjusted ac- 
cordingly (Figure 6). Also, since current is directly related to 
the pressure setting of the valve, pressure in the system can 
be adjusted by presets P1 and P2 while reading the pressure 
gauge at the same time. 180 mA signal directly corresponds 
to approximately 100 PSI on the curve just as 800 mA direc- 
tly corresponds to 2900 PSI. The same holds true for any 
other limits that are desired. For example, if a particular ap- 
plication calls for a maximum pressure of. 2500 PSI and the 
minimum pressure setting of the valve related to flow is 150 
PSI, the lower and upper limits can once again be established 
by setting P1 and P2. P1 would be adjusted to set the lower 
150 PSI limit with P2 being adjusted to set the upper 2500 
PSI limit. Also with the use of a potentiometer, the valve 
would be capable of variable adjustment between 150 to 
2500 PSI without exceeding the upper limit. 


Another thing that must be considered when adjusting P1 
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and P2 is the fact that P1 adds a signal to boost the input 
signal; therefore, the setting of P1 adds to the setting of P2. 
If Pl is set at zero, and P2 is adjusted for some maximum 
pressure, then P1 is adjusted to its minimum pressure set- 
ting. The maximum pressure setting of the valve will increase 
by the setting of P1 (see Figure 7); therefore, it is necessary 
to first establish P1 and then set P2 for its maximum value. 
This is accomplished by keeping the command signal at zero 
and setting P1 for the required bias current. P2 can then be 
set by setting the command signal at 100% and setting the 
maximum current as desired. The following curves will illus- 
trate these conditions more fully. 


Figure 6 





When P1 is set for its minimum bias current, P2 can be in- 
creased or decreased to the maximum current desired with- 
out changing the bias current setting. Relating this to the pro- 
portional pressure rélief valve, and knowing P2 sets the 
maximum current level or maximum pressure, the maximum 
pressure can be increased or decreased without changing the 
minimum pressure setting of the valve. 


Figure 7 
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Changing the setting of Pl when P2 is already set for its 
maximum pressure, changes the entire setting of the valve. 
When P1 (the bias current) is increased, it can be seen from 
Figure 7 that the range or span stays the same, but the range 
is at increased lower and upper limits. The pressure, for 
example, would increase from a minimum pressure of 100 
PSI to a minimum pressure of 200 PSI. If the maximum 
pressure of the valve was originally set for 2500 PSI, it 
would also increase 100 PSI so that the final setting would 
be 2600 PSI. 


PRESET P5 


Preset P5 is the adjustment for the dither oscillator men- 
tioned earlier. P5 is preset at the factory and does not need 
to be adjusted. 


HYSTERESIS 


For any man-made device there is a certain percentage of 
error. The amount of error for proportional valves is ex- 
pressed as the hysteresis (%) of the valve and for most good 
proportional valves does not exceed 6% (+3%). Knowing 
what the hysteresis of the valve is, a direct relationship can 
be made as to the accuracy of the valve. If the hysteresis of a 
particular proportional valve is less than 3%, it can be said 
that the accuracy of the valve is better than 3% error. 


There are various reasons for hyteresis in proportional 
valves, but the primary cause is friction, such as solenoid, 
spool, and poppet friction. For example, hysteresis for a pro- 
portional valve can be defined as the difference in output 
signal when the input is increased to a set point and then 
decreased from a higher value to that same set point. 
Relating this to the spool position of a proportional direc- 
tional valve, hysteresis can be defined as the difference in the 
spool position when approaching the set point from two dif- 
ferent directions (see Figure 8). 


The “repeatability” of a proportional valve is another term 
often referred to when describing the valve’s dynamic charac- 
teristics. Repeatability is a measure of exactness with which 
motion or position can be duplicated. It can also be defined 
as the error in the output when approaching the set point in 
the same direction. In other words, if one shifts a propor- 
tional directional valve twice in the same direction, the valve 
will not return to the exact same position both times. Repeat- 
ability is very often one half of hysteresis and will never be 
worse than hysteresis. 


To help reduce hysteresis it was mentioned earlier in the in- 
ternal circuitry section that the dither oscillator provides a 
modulating signal in order to minimize valve hysteresis. The 
following curves (Figure 9) of a proportional pressure relief 
valve demonstrate the difference between a valve with hys- 
teresis and one without. 
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Although all electronic amplifiers have this dither feature 
built-in, the curves’ clearly demonstrate that there can be 
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quite a substantial difference in pressure settings when a 
dither signal is excluded. With a dither signal the difference 
between an increasing pressure setting and decreasing set- 
ting is about + 2.5%. Without the dither signal the difference 
is about + 4.5%. 


TYPICAL WIRING SCHEMES 
FOR VT 2000 CARDS 


The following diagrams demonstrate some typical wiring 
schemes for proportional pressure control valves. 


For simple on-off control a single pole double throw switch 
can be used to provide the required command signal (Figure 
10). The switch is shown in the off condition; therefore, the 
minimum pressure setting of the valve is dependent on P1. 
When the switch is thrown to provide the command signal, 
the valve builds pressure to its maximum limit dependent on 
the setting of P2, and the time it takes depends on the setting 
of P3 for ramp up time. When the switch is thrown back to 
provide zero signal, the valve decreases in pressure depend- 
ent on the setting of P4 which is the ramp down time. This is 
one of the simplest wiring schemes for achieving a single 
maximum pressure setting when a controlled time of the set- 
ting is required. 


The most common wiring scheme to provide a variable com- 
mand signal quickly and conveniently, is through the use of a 
potentiometer (see Figure 11). It was mentioned earlier that a 
potentiometer provides a variable command signal by simply 
turning a knob. A potentiometer, when excited by DC or AC 
voltage, provides a proportional voltage versus displacement 
relationship. The output signal of the potentiometer is linear 
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Figure 10 


to the rotation of the potentiometer. As shown in the dia- 
gram, the external potentiometer allows the operator to have 
full control of the pressure range of the valve as long as P2 is 
set for its maximum current. Since P2 is in series with the 
potentiometer, P2 can determine the maximum pressure 
limit, whereas the potentiometer can be adjusted to whatever 
pressure is required but not in excess of P2’s setting. 


Also, if the ramp generator is turned off, the operator can 
control how fast pressure increases or decreases by how fast 


Figure 11 
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he turns the potentiometer. When the ramp generator is on, 
it does not matter how fast the potentiometer is turned 
because the ramp generator will allow the signal to reproduce 
only at the time set. Obviously, one can tum the poten- 
tiometer slower than the ramp setting. This arrangement is 
very useful in test areas since the potentiometer can be 
mounted in a remote location away from the test with the op- 
tion of controlling pressure with or without the ramp time. It 
also should be mentioned that the external potentiometer 
should have a resistance of no lower than 500 Q or no higher 


than 5000 ©. 





DIGITAL PRESSURE SELECTION 


To cycle back and forth from a number of different pressure 
settings, and to maintain these settings without having to 
hand adjust a potentiometer each time a different pressure 
setting is required, the following wiring scheme can be used 
(Figure 12). 


From the diagram it can be seen that there are four poten- 
tiometers in parallel and four switches in series. Each poten- 
tiometer or preset can be adjusted separately to provide a 
particular command signal, which in turn can provide four 
separate pressure settings. It also should be noted that since 
the switches are wired in series, an order of priority is pres- 
ent. If sw-1 is thrown to provide a signal from P1 and then 
sw-2 is thrown to provide a signal from P2, switch sw-2 will 
have priority and the signal from sw-1 will have nowhere to 
proceed to since sw-2 broke that part of the circuit. Switch 
sw-4 will have the highest priority; therefore, if sw-4 is 
thrown to provide a signal from P4 it does not matter what 
position any of the other switches are in. The signal from P4 
will always proceed first. Although four potentiometers are 
shown wired in parallel, as many as ten potentiometers may 
be wired in parallel with ten separate switches wired in series 
to provide various command signals. The important thing to 
remember when wiring potentiometers in parallel, is that the 
minimum resistance to provide the low level signal must not 
be any lower than 500 Q. Kirchoff's Law for resistors wired 
in parallel states: “the total resistance is the reciprocal of the 
combined resistance which equals the sum of the reciprocals 
of each individual branch.” 


Figure 12 





If, for example, the four potentiometers in the diagram each 
have a resistance of 5000 © the total resistance can be 
calculated from Kirchoffs Law. 
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The four potentiometers in parallel have a total resistance of 
1250 Q, which is well above the required 500 Q minimum. It 
can easily be seen that if more than ten potentiometers are 
wired in parallel, the minimum of 500 Q is exceeded. 
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Ten potentiometers wired in parallel each having a resistance 
of 5000 © would equal 500 Q, the exact minimum require- 
ment. These three wiring schemes are just a few of the 
possible schemes that can be applied. 
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The second type of amplifier which will be discussed is a VT- 
3000 amplifier card. It is exclusively used to control pilot 
operated proportional directional control valves and elec- 
tronically controlled hydrostatic transmissions. 


Amplifier Type VT-3000 basically operates the same as the 
VT-200 except that it is built to provide a signal to two pro- 
portional force solenoids and has some added internal cir- 
cuitry providing additional application uses. 


Referring to the figure 13, anything between the dashed lines 
is already on the card. External wiring of switches, poten- 
tiometers, and solenoids is done at the numbered terminals. 


INTERNAL CIRCUITRY 


In reference to Figure 13, + 24 volts DC power must be sup- 
plied to the card (terminal 32 ac (+ ) and terminal 26 ac ( T 
The first block it encounters is voltage regulation and filtering 
(1). This is the same voltage regulation block that the VT- 
2000 card has. It provides a smooth steady fixed level of 
known voltage designated by terminals 20 c for +9 volts, 20 
a for U volts, and 26 ac for —9 volts, to provide a signal to the 
next block which is the ramp generator (2). The added 
presets P1, P2, P3 and P4 and relays dl, d2, d3 and d4 
must be used. For ease of explanation, these presets and 
relays will be discussed later. At this point, let us imagine 
that a signal is provided + 9 volt terminals through any one 
of the four presets P1 to P4 to the input of the ramp 
generator. As with the VT-2000, the signal goes into the 
ramp generator and comes out as a linear change with 
respect to time. The major difference is that instead of 
having separate ramp times for up and down, the generator 


P1, P2, P3, P4 = Mout levels 

= pilot current, sol. B 
= pilot current, sol. A 
= zero point 
= ramp time 
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only has one ramp time for setting the speed with which the 
spool opens and closes. This relates directly to accelerating 
and decelerating times for the load. Since the signal can be 
controlled, the valve is controlled as to how fast or slow and 
how far to open or close. In this way smooth stopping and 
starting of the load is achieved. These conditions will be 
discussed later as will typical acceleration and deceleration 
curves. 


The output of the ramp generator then proceeds to the next 
block which is called the function generator (3). The function 
generator is an added function which compensates for dead- 
band in proportional directional valves. The primary causes 
for deadband in proportional directional valves can be linked 
to three sources: 


1. Solenoid friction. 

2. Spring bias; springs to hold proportional spools in their 
center position are under compression and these forces 
have to be overcome. 

3. Spool overlap, which as stated previously, is precisely 
11% for all proportional spools. 


To show more fully what the function generator does, the 
following condition will be considered. If the function gener- 
ator was not included in the amplifier circuitry and a propor- 
tional directional was shifted in both directions, it would take 
a significant amount of input signal before the valve would 
produce an output flow in either direction (see Figure 14). 


Figure 14 
Output Flow 


Input Signal 


Deadband 


The reasons for this considerable amount of signal being 
needed are those just mentioned: solenoid friction, spring 
bias, and spool overlap (11%), which together create a 
significant amount of deadband around zero. 


In a more practical sense, if a potentiometer is used to pro- 


vide the command signal and one tums it, nothing will hap- 
pen until the point is reached where the potentiometer 
provides enough signal to overcome this amount of dead- 
band. This is obviously not a good condition and the func- 
tion generator compensates for this deadband by abruptly 
jumping the input signal up to the linear portion of the curve 
(see Figure 15). 


Figure 15 


Output 


Input 


The rest of the card basically operates similar to the VT- 
2000 with block number (4) being the summing unit for add- 
ing the signal from the ramp generator and function gener- 
ator. Block numbers (5) and (6) are the power amplifiers for 
solenoids A and B. It is important to note that unlike the VT- 
2000, negative and positive voltage (0 to + 9V) must be 
provided in order to shift a 3 position 4-way proportional 
valve in both directions. In other words, to operate solenoid 
A, anegative voltage command signal must be provided, and 
to operate solenoid B a positive voltage command signal 
must be provided. The inverter stage (7) and diodes (8 and 9) 
allow for the positive and negative voltage’s direction control. 


1. Diode 8 allows positive voltage through. 

2. Diode 9 allows positive voltage through. 

3. Inverter stage changes negative voltage to positive volt- 
age. 


When a negative command signal is provided, diode 9 rejects 
it since it only allows a positive signal through in the direction 
of the arrow. The inverter changes negative voltage to posi- 
tive voltage allowing it to pass through diode 8 to operate 
solenoid A. Likewise, when a positive command signal is 
provided, the inverter changes positive voltage to negative 
voltage so that diode 8 rejects it and the signal proceeds 
through diode 9 to operate solenoid B. 


PRESETS AND RELAYS 


From the lower part of the diagram it can be seen that there 
is a section of relays indicated by a rectangular box ((274), 
numbered from dl to d6. Also shown are the contacts of 
each particular relay which are also numbered from dl 
through d6 in various locations throughout the amplifier. To 
energize any particular relay, 24 volts DC must be supplied 
to terminals 8 c, 4 a, 6 a, 6 c, 18 c and 4 c. This can be done 
by coming directly off terminal 28 c (terminal 28 c is a 24 volt 
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DC terminal) to a switch (or switches) and connecting the 
output of the switch to the particular relay terminal (see 
Figure 16). 


In series with each relay d1 through d4 is a light emitting 
diode (LED) indicating when the relay is energized. These are 
numbered d1 through d4 on the front face of the card. 


Moving to the upper part of the diagram, four adjustable 
presets (which are accessible on the front of the card) are 
numbered P1 through P4 and are used to limit the + 9V 
signal. Also accessible on the front of the card is P8 which is 
used to set the ramp time. 


PRESETS P1 - P4 


In order to provide the command signal; any one of the relays 
dl through d4 must be energized. In reference to Figure 16 it 
should be noted that the contacts of relays d1 through d4 are 
in series just below each preset P1 though P4. As was dis- 
cussed earlier for the VT-2000, when switches or contacts 
are wired in series, the one having the highest priority (when 
activated) will always allow the signal to pass through regard- 
less of the other contacts being activated. 


In this case preset P4 has the highest priority. When relay d4 
is energized, LED d4 comes on, and contact d4 breaks from 
the series wiring sequence and connects with the output of 
preset P4, thus allowing the signal to proceed to the input of 
the ramp generator and then through the rest of the card to 


Figure 16 
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its required solenoid. When relay d4 is de-energized, the LED 
goes off and the signal decreases to zero. Likewise, when 
relay d3 is energized, LED d3 comes on and contact d3 con- 
nects to the output of P3 allowing the signal to proceed 
through the card to its required solenoid. The priority chain 
continues on respectively with preset P2 corresponding to 
relay d2 and LED d2. Preset P1 is lowest in priority and 
corresponds to relay d1 and LED d1. 


The simple wiring scheme in Figure 16 below shows how 
these presets and relays work in relationship with a 3 posi- 
tion 4-way proportional directional control valve. First, one 
should notice that a wire is connected from 20 c to 10 c to 
provide a +9 volts and a wire is connected from 26 ac to 10 
a to provide —9 volts. (Remember positive voltage is required 
to operate solenoid B and negative voltage is required to 
operate solenoid A). By energizing relay d1, contact d1 pulls 
in sending a signal through the card to solenoid B moving the 
proportional spool from its center position to a distance set 
by P1. In this case P1 can be said to be set to provide +9 
volts, thereby allowing the spool to travel its full distance in 
one direction. By de-energizing relay d1 the spool travels 
back to its center position. When relay d2 is energized con- 
tact d2 pulls in sending a signal to solenoid A moving the 
spool in the opposite direction, a distance set by P2. Like- 
wise, the spool retums to its center position when relay d2 is 
de-energized. One must also remember that presets P1 and 
P2 can be adjusted to limit the + 9V value thus limiting the 
spool stroke. If other settings of the value are required, 
presets P3 and P4 can be used. Typical wiring schemes 
showing all the presets in use will be discussed later. 
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RAMP ADJUSTMENT - P8 


The VT-3000 amplifier card only has one ramp setting (P8) 
which is usually settable within.a range of .03 to 5 seconds. 
The spool opening and closing time is therefore controlled by 
the setting of P8 if required. In the example just given, if the 
ramp time is set for its maximum value of 5 seconds and 
relay d1 is energized, the signal will increase from 0 to 100% 
in 5 seconds moving the spool from its center position to its 
set point in 5 seconds. Likewise, when d1 is de-energized the 
signal will decrease from 100% to 0 in 5 seconds and the 
spool will move from its set point back to its center position. 


If no ramp time is required, relay d5 can be energized which 
closes contacts d5 by bypassing the ramp generator com- 
pletely, or terminals 14 c and 14 a can be bridged with either 
a switch or jumper wire. If an extemal time potentiometer is 
needed, it can be connected to 14 a and 14 c, but the poten- 
tiometer of the card must be adjusted to its maximum ramp 
time, so as not to allow the possibility of the external poten- 
tiometer exceeding a time longer than that of the poten- 
tiometer on the card. 


If, for example, the ramp setting on the card is set for 50% 
and the external time potentiometer is at its maximum time 
setting, the signal will take the path of least resistance and 
the desired time value will not be achieved. It is therefore 
necessary to keep the ramp setting at its maximum time 
value when using an external time potentiometer. Also, if a 
preset is changed in value from 100% signal to a lower 
value, and the ramp time is held constant, the ramp time 


Figure 17 
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automatically reduces. When selecting an external time 
potentiometer the rating of the potentiometer should be 
500K Q. 


PRESETS 5, 6 AND 7 


Presets 5 and 6 are bias current settings and as with the VT- 
2000, they add a signal to boost the input signal to that use- 
able linear portion of the curve. Unlike the VT-2000, these 
are already set at the factory for Series 30 cards and do not 
need to be adjusted. Preset P7 is a zero point, and is also set 
at the factory needing no adjustment. These three presets 
are not accessible on the front face of the card. 


CHANGEOVER CONTACT D6 
By energizing relay d6 the changeover contact can be used to 
provide negative or positive voltage at any of the presets P1 


through P4. A typical wiring diagram of this contact in use 
will be shown later. 


ADDITIONAL INPUTS 


For control systems having analog outputs, terminals 16a 
and 16 c should be used. Terminal 12 c can be used for an 
input for electrical joysticks. 


One of the simplest ways to achieve bi-direction for a pro- 
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Typical Wiring Schemes for VT-3000 Amplifier Cards 


8-11 


portional directional valve and to establish various spool 
positions quickly and conveniently, is through the use of an 
external potentiometer (Figure 17). 


By connecting the potentiometer to 20 c for +9 volts, 26 ac 
for —9 volts, and the wiper to any one of the preset terminals 
(in this case it is 10 c for P1) the operator has control of the 
valve in both directions. P1 would determine the maximum 
spool travel in both directions. 


TWO SPEEDS FORWARD, 
TWO SPEEDS REVERSE 


Many applications require a proportional directional valve 
and cylinder to accelerate a load to a constant velocity, then 
decelerate it to a slower speed, and finally reverse the pro- 
cess to start the cycle over again. With the use of the VT- 
3000 card and a few added electrical devices, this can be ac- 
complished rather easily (see Figure 18). 


Knowing that there are four adjustable presets on the card 
and two different speeds are required in each direction, a 
sequential order has to be established when selecting the pre- 
sets. If the application calls for an automatic cycle, this can 
be accomplished by using external latching relays and 
establishing the relay logic accordingly. This can be seen 
more clearly in Figure 18. First, two presets are wired to pro- 
vide positive voltage and the other two are wired to provide 
negative voltage, thereby giving two forward speeds and two 
reverse speeds when selected. Secondly, a typical relay logic 
diagram has been included with four limit switches to provide 
the necessary logic to the amplifier card. 


Starting with the relay logic diagram, when the operator 
presses the start button and assuming the cylinder is sitting 
directly on top of the first limit switch (LS-1) which is nor- 


Figure 19 


V 


LS-4 





mally open, relay 1-CR will latch in, closing contact 1-CR 
and energizing internal relay d3. This then closes contact d3 
allowing the cylinder to accelerate forward to a speed set by 
preset P3. The cylinder proceeds forward until it closes limit 
switch LS-3 which in tum energizes relay 3-CR and opens 
normally closed contact 3-CR. Relay 1-CR is de-energized 
allowing the cylinder to decelerate to a slow speed forward, 
since the only relay on the card now energized is d1, with its 
preset P1 set for some minimal value. Once the cylinder 
reaches limit switch LS-4, relay 4-CR energizes closing con- 
tact 4-CR, energizing relay d4 and allowing the cylinder to 
accelerate in the reverse direction to a speed set at preset P4. 
The cylinder proceeds in the reverse direction until it closes 
limit switch LS-2, which energizes relay 2-CR and drops out 
relay 4-CR. At the same time relay d2 energizes decelerating 
the load to a creep speed at a minimal setting of P2. When 
the cylinder reaches limit switch LS-1, the cycle repeats it- 
self. 


Another important characteristic of the cycle is the ramp set- 
ting. Since there is only one ramp setting, all acceleration and 
deceleration values are the same. (See the Velocity Vs. Time 
graph Figure 19). 


When setting the ramp time for an automatic cycle it 
generally takes some fine tuning in order to achieve smooth 
acceleration and deceleration rates. 


THREE SPEEDS FORWARD, 
ONE REVERSE 


Another typical wiring scheme used many times in machine 
tool applications is shown in Figure 20. With three of the 
presets wired for +9 volts three different speeds can be set in 
the forward direction and the other preset wired for —9 volts 
can provide one speed in the reverse direction. 


LS-1 


One Cycle 
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Figure 20 
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START 


A typical velocity vs. time graph for this example is shown in 
Figure 21. By setting one of the presets for a high valve, fast 
or rapid traverse speed can be achieved. By setting another 
preset for a lower value, a feed speed can be achieved and by 
setting the last preset to a minimal value, a very slow cutting 
speed can be achieved. Once the cylinder comes to the end 
of its stroke it retracts quickly to start the cycle over again. 
The ramp is fine tuned to achieve smooth speed change and 
reversal. 


Figure 21 
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FOUR SPEEDS FORWARD, 
FOUR SPEEDS REVERSE, 
USING CHANGE OVER CONTACTS 


From Figure 22, it can be seen that contact d6 is tied directly 
to the +9 and —9 voltage lines and incorporates a separate 
terminal enabling it to be wired to any one of the preset ter- 
minals. By energizing relay d6, the contact switches from 
negative voltage to positive voltage and back again when de- 
energized. The example shown demonstrates a 4-way pro- 
portional directional valve controlling a hydraulic motor and 
the card is wired to all four presets from the changeover con- 
tacts. It should be fairly obvious that if each preset is ad- 
justed for a different value, four different speeds can be ob- 
tained in either direction, since there would be a different 
spool position at each preset value. The direction can be 
changed by use of the changeover contacts. These are just a 
small fraction of possible wiring schemes which can be ap- 
plied to 4-way proportional directional valves. The wiring 
scheme to be used is dependent upon the application and the 
type of cycle to be accomplished. 


Figure 22 


ELECTRONIC AMPLIFIER 
VT-3006 





The VT-3006 (Figure 23) is the same type of amplifier card 
as the VT-3000 amplifier card except it has five ramp set- 
tings (instead of one) which are all accessible on the front 
face of the card. Looking at the figure it can be seen that an 
additional board of relays has been added as well as the ad- 
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ditional board of ramp adjustments. The added relays are in 
parallel with the relays needed for P1 through P4. Anytime 
relays d1 are energized, contacts d1 pull in, meaning the set 
point depends on P1 and the ramp time depends on the 
ramp setting P11. If relays d2 are energized contacts d2 pull 
in, and the set point depends on P2 with the ramp time 
dependent on the ramp setting P12. In other words, the 
priority chain remains the same for the ramp adjustments as 
it does for P1 through P4. Whenever relays d4 are energized, 
preset P4 and ramp setting P14 will have the highest priority. 


Since each preset P1 through P4 can be set for a different 
ramp time, acceleration and deceleration rates can be 
established separately for each preset. When all presets are 
de-energized the valve returns to its center position bases on 
the ramp time setting of (P10). 


ELECTRONIC AMPLIFIERS 
VT-5001—5004 


Electronic amplifier Types VT-5001 through 5004 are used 
to control pressure, directional and flow control valves with 
an LVDT mounted on one proportional solenoid. The 
following amplifier types correspond to the respective 
proportional valves. 
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Figure 23 
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VT-5002 — for single solenoid direct operated proportional 
directional valve (D02 mounting) 


VT-5003 — for direct operated proportional pressure relief 
valves 


VT-5004 —for proportional pressure compensated flow 
control valves 
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INTERNAL CIRCUITRY 


Although block diagram for the VT-5001 through 5004 is 
the same for all, there are some minor differences (not 
shown) between each card type. It is, therefore, important to 
use the correct card for a particular valve. 


There are basically two major differences between the Series 
3000 and the Series 5000 card now being presented. The 
Series 5000 has cable break detection and it has some ad- 
ditional circuitry to compensate for the feedback on the 
valves (see Figure 24). 


ELECTRONIC AMPLIFIER 
VT-5006 


The electronic amplifier Type VT-5006 (Figure 25) is used 
to control direct operated proportional directional valves hav- 


ing two proportional solenoids and a LVDT for positional 
feedback. 


The amplifier is the same as the VT-3000, except it has the 
added circuitry for cable break detection and the feedback as 
was just discussed for the VT-5001 through 5004 amplifier. 


Figure 24 
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The presets and relays can be used the same as they are with 
the VT-3000. The only significant difference is that unlike 
the VT-3000 the command signal must be negative in order 
to energize solenoid B and positive to energize solenoid A. If 
these solenoid leads are wired incorrectly the spool moves 
hard over and the valve fully opens. 


Starting with the added circuitry for the feedback, there are 
four new blocks presented. A PLD, regulator, matching am- 
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Cable break | 


plifier, oscillator, and demodulator are all needed to ensure 
the proper positioning of the orifice or spool. 


The output of the ramp generator serves as the input to the 
proportional, integral, differential regulator in which a com- 
parison is made to the actual position. This is made possible 
by the oscillator which is a separate circuit within the ampli- 
fier, generating a signal at a definite frequency within desired 
limits to the LVDT on the particular valve. The LVDT then 
sends a signal back to the amplifier, corresponding to the 
position of the orifice or spool The signal is then received by 
the demodulator which recovers the intelligence from the 
signal and delivers a voltage signal proportional to the posi- 
tion of the orifice or spool through the matching amplifier to 
the ELD, regulator. At this point, a comparison is made in 
the ELD, as was previously mentioned resulting in a cor- 
rected signal back to the solenoid maintaining a very accur- 
ate orifice or spool setting. The matching amplifier (which is 
preset at the factory) limits the stroke of the spool, and in- 
fluences both the accuracy and stability of the valve. 


The cable break detector monitors the lines to the LVDT and 
is connected internally to the current regulator. If feedback is 
lost because of a break in a wire or due to an unconnected 
wire, the cable break detector switches the current regulator 
off, which in turn cuts off power to the solenoid. A light emit- 
ting diode (LED) on the front plate of the amplifier will turn 
on at the same time indicating a cable break. In the case of 
the direct operated directional valve and flow control valve 
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Figure 25 
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The card contains: 


. Voltage regulation and filtering 
. Ramp generator 

. Function generator 

. Summing unit 

- P.LD. regulator 

. Current regulator 


CO OU dŒ @ DD = 


with feedback, a broken cable results in both valves falling 
in a closed position. When feedback is lost to the direct 
operated relief valve, it fails in an open condition preventing 
any pressure to build. 


The Series 5000, as with the 2000 and 3000 Series, has: 


Voltage regulation and filtering. 

Current regulator for stabilizing the output. 

Power amplifier. 

Ramp generator with separate ramp up and down 
times, for use in setting spool or orifice opening and 
closing times, or for setting the pressure controls’ in- 
crease or decrease pressure times. 


MAM 
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7. Power amplifier 

8. Oscillator 

9. Demodulator 
10. Matching amplifier 
11. Relays with LEDs 
12. Presets 


ADJUSTMENTS 


The only adjustments on the front face of the amplifier are 
fer setting the ramp up and down times and one switch for 
turning the ramp off. 


FEEDBACK CONNECTOR AND 
WIRING 


It is of the utmost importance that the terminal designated 
with the ground symbol (==) on the feedback connector be 


wired properly. 


The wiring sequence is as follows: pin number 1 on the plug 
connects to terminal 20-c, pin number 2 on the plug con- 
nects to terminal 14 c on the card, and pin (==) on the plug 
connects to terminal 22 c, not to a chasis ground (reference 
Figure 24). 


ELECTRONIC AMPLIFIER TYPE 
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Electronic amplifier Type VT-5000 Figure 26 is used for 
controlling proportional variable volume vane pumps. The 
amplifier is unique in the respect that it incorporates a circuit 
to control a stroke controlled solenoid and a circuit to control 
a force solenoid. Relating this to the proportional vane pump, 
the top half of the amplifier provides a signal to the main 
orifice which has the stroke controlled solenoid and the bot- 
tom half provides a signal to the relief valve which has the 
force solenoid. 


INTERNAL CIRCUITRY 


The top half of the circuit contains: 


. Proportional, integral, differential regulator 

. Current regulator 

. Pulse width generator 

. Power amplifier 

. Oscillator, for feeding the LVDT 

. Demodulator, for generating the feedback signal 

. Matching amplifier, for limiting the stroke of the main 
orifice 


d ON Un d OO LO KA 


The bottom half of the circuit contains: 


1. Current regulator 
2. Pulse width generator 
3. Power amplifier 
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The amplifier also contains voltage regulation and filtering, 
and a ramp generator. Reference voltage terminals provided 
from the voltage regulation and filtering block allow for 
potentiometers to provide the required command signal to 
operate solenoid A and B. 


The ramp generator is separated from both circuits, and is 
provided with an input and output terminal where it can be 
wired for either setting the ramp times for the main orifice or 
the ramp times of the relief valve. 


PRESETS 


P3 is an adjustable preset which is used to set the maximum 
current to the main orifice, and is accessible on the front face 
of the card. Although the orifice still can be remotely ad- 
justed by a potentiometer, it will never exceed this value P3. 


Presets P4 and P5 function in the same manner as do P1 
and P2 for the VT-2000 amplifier. P4 is a minimum current 
setting and is used to establish the minimum pressure setting 
of the valve or the minimum pressure at which the pump 
compensates. P5 is a maximum current setting and is used 
to establish the maximum pressure setting of the valve or the 
pressure at which the pump compensates. Like the VT- 
2000, the minimum pressure setting of the valve is additive 
to the maximum pressure setting, therefore, P4 should 
always be set first. 


RAMP ADJUSTMENTS 


There are two ramp adjustments which can be used to 
separately set how fast the orifice opens and closes, or they 
can be used to separately set how fast the proportional 
pressure relief valve increases and decreases pressure. The 
ramp generator can be used for either solenoid A or B, but 
cannot be used for both solenoid A and B at the same time. 


WIRING THE RAMP GENERATOR 


Since the ramp generator is separated from both circuits, ex- 
termal wiring must be done to include the generator for 
whatever solenoid it is intended to be used with. If the ramp 
generator is intended to be used with solenoid A (main flow 
orifice) and remote control is desired for both solenoid A and 
B by the use of two potentiometers, the potentiometer that 
operates the main flow orifice (solenoid A) must be con- 
nected from the wiper of the potentiometer to the 9 volt input 
terminal of the ramp generator. The output of the ramp 
generator is 6 volts and this is designated by a 6 volt output 
terminal which must be connected to the 6 volt input ter- 
minal 2 a. The main flow orifice (solenoid A) would then be 
capable of variable adjustment plus the ramp generator could 
be set to control orifice opening and closing times. 


The other potentiometer used to control solenoid B, would 
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have its wiper connected directly to the 9 volt input terminal 
10 a. Variable adjustment of the pump compensator would 
then be achievable. If it is desirable to use the ramp generator 
for both solenoid A and B, a relay may be used to switch 
back and forth to operate the ramp generator as desired for a 
particular solenoid, or a second card with multiple ramps can 
be incorporated. 


TEST POINTS 





On the front face of the VT-3000 Series cards there are 
three sets of test points (Figure 27). One set is for reading the 
command signal and the other two are for reading coil cur- 
rent, solenoid B and A respectively. 


Placing a voltmeter across the two command test points 
enables one to read the command signal just after the sum- 
ming amplifier. (Command test points are marked BU-1 in 
the diagram.) If it appears an internal relay may not be 
working properly, the command test points can be used. For 
example, by energizing each particular internal relay on the 
card and measuring the voltage across the command test 
points, one can find out which relay on the card is not work- 
ing. 


Coil current test points are marked BU-2 in the diagram for 
solenoid B and BU-3 for solenoid A. Since 1 mA = 1 mV (1 
ma x 1 Q = 1 mV) the signal actually being measured is 
voltage, therefore, when using the coil current test points, a 
voltmeter should also be used. If for example the voltmeter 
reads .5 volts this is directly proportional to 500 mA. A high 
impedance voltmeter is needed to measure the range of less 
than 1 volt and it is generally best to use a digital voltmeter. 


For VT-5000 Series cards two sets of test points are ac- 
cessible on the front face of the card for measuring the com- 
mand signal and the feedback signal. 


SHIELDING 


Since the input signals for all VT amplifiers are low current 
signals they are subject to radio frequency interference. The 
most common way to alleviate this problem is to use 
shielded wire. Shielded wire is a combination of wire(s) that 
has a protective guard around it which helps to eliminate the 


intrusion of other outside signals. 


It is usually used when the potentiometer is mounted a few 
feet from the card, or if the card is mounted in a console and 
the potentiometer is mounted on top of the console with 
other electrical devices in the console (such as relays or 
anything that can produce magnetic or electrostatic fields). 
Shielded wire should also be used for wiring the LVDT on 
stroke controlled solenoids. It is important to remember 
when wiring with shielded wire, that it should only be 
grounded on one end. If both ends of the shielded wire are 
grounded, the shield has no effect. In fact, it may even pick 
up interference making the problem worse. 


DRY CIRCUIT SWITCH 


Anytime a switch is used to provide the + 9V signal, a dry 
circuit switch should be used. Since the + 9V signal is low 
level, any dirt that may accumulate around the contacts of a 
standard switch can cause corrosion. After a short period of 
time the contacts corrode and the switch will no longer be 
useable. Dry circuit switches are designed to work at these 
low level signals: their contacts are flashed with a gold 
coating to prevent contamination. It should be noted that 
shielded wire and dry circuit switches are needed only for the 
low level +9 or —9 volt signal. Dry circuit relays are also 
available. 


POWER SUPPLIES 
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When selecting a power supply for an amplifier card the ab- 
solute limits should not drop below a minimum of 22 volts or 
a maximum of 27 volts. The most common type of power 


supply used to provide power to the amplifier is a 24 volt DC 
+ 10% regulated power supply. Although unregulated power 
supplies may also be used, one must be aware of the 
problems that can occur. The more an unregulated power 
supply is loaded, the greater the voltage drop is. Likewise, 
the output voltage is proportional to the input voltage, which 
can also affect the variable being controlled. Another 
problem with unregulated power supplies is if 24 volts are 
required for a load condition, once the load is removed a 
variation in voltage occurs which can cause the 24 volts to 
go beyond the maximum 27 volt limit, may times leading to 
the destruction of the card. With the regulated power supply, 
the output stays at about 24 volts DC even with changes in 
load. It is, therefore, more desirable to use the requlated 
power supply. It also should be mentioned that if more than 
one amplifier is to be used with one power supply, one must 
carefully check the rating of the power supply to ensure that 
it is large enough to handle the power capacity of the am- 
plifiers. 


CARD HOLDER 





Every amplifier card (with the exception of one type) has a 
32 pin connector permanently attached to the end of it. With 
the connector being permanently attached, the card can be 
plugged directly into a card holder which possesses two rows 
of terminals for wiring. Each row contains 16 terminal con- 
nections with one row marked “a” and the other row marked 
“c”, each row being evenly numbered from 2 to 32. This 
allows the user to do all the wiring directly to the card holder 
so that anytime a card has to be replaced it can be done 
without rewiring. Consequently, if a terminal is marked with 
ac, either a or c both can be used for a wiring connection. If, 
however, two terminals are labeled for one connection, both 
terminals must be used. This is important because each ter- 
minal has a limited current carrying ability. 


If a different card is intended to be used with a previously 
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wired card holder, one must make sure the necessary wiring 
changes are made, as terminal connections for different am- 
plifier cards may not directly correspond to each other. Not 
only does the card plug directly into the card holder but there 
are guide rails as well as two fastening screws to hold the 
card firmly in place. 


CARD RACK 
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If a number of amplifier cards are required, rather than 
mounting each amplifier card to an individual card holder, a 
card rack can be used which is capable of holding a number 
of amplifier cards in one frame. All wiring can then take place 
at the back of the card rack to wire wrapped terminal con- 
nections as needed, this eliminating an excess of terminal 
connections as well as keeping the cards in a neat orderly 
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fashion when mounting in a console. The rack is made with 
divisions, allowing for the cards to be equally spaced when 
required. 


AMMETER TEST BOX 





For conveniently testing solenoid current, an ammeter box 
which has a scale from 0 to 1.5 amps can be used. It has a 
special adapter plug enabling it to be quickly sandwiched be- 
tween the solenoid and solenoid plug. Since the plug can 
only be hooked up one way it also incorporates a polarity 
button so that current can be measured for both solenoids 
for 4-way proportional directional valves. The ammeter test 
box is also effective during start-up and trouble shooting to 
ensure that power is being supplied to the solenoid or 
solenoids. 





CHAPTER 9 


DESIGN CONSIDERATIONS & 


VALVE ANALYSIS 


When designing for any 4-way proportional valve system, 
especially when cycling heavy masses quickly, there is one 
very important design factor that must be considered. This is 
known as the natural frequency of the system. From the 
physical laws of motion, the formula for undampened natu- 
ral frequency is: 


won 


w o = Natural frequency 
C = Spring constant 
M = Moving mass = w/g 


The spring constant for a hydraulic system can be directly 
related to the oil volume trapped between the 4-way propor- 
tional valve and the actuator. The moving mass is the weight 
of the total load, plus the weight of the oil, divided by gravity. 


Gravity = 32.2 ft./s? 


The natural frequency of a hydraulic system is expressed in 
Hz. It is dependent on the mass and the oil volume trapped 
between the valve and the actuator. With this information 
one can determine how fast a load can be accelerated and 
decelerated without causing instability and subsequent dam- 
age to the system. To clearly demonstrate this point we will 
first look at a simple system, which has a weight attached to 
a spring. The natural frequency of the system is dependent 
on the spring constant and the mass. 


Figure 1 


This frequency can be mathematically calculated and in ef- 
fect tells us how fast this weight can be moved back and 
forth without having the weight directly opposing the input to 
the spring. For example, the input to the spring-mass system 
could be someone’s hand moving the spring-mass system up 
and down a certain distance (Figure 1). As long as the spring 
is moved much more slowly than the natural frequency of the 
total spring-mass system, the weight will follow the move- 
ment of the spring. There will be very little difference be- 
tween the movement of the spring and weight. The faster the 
input or hand movement to the spring, the more the weight 
lags behind. If the input to the spring is at the same frequency 
of the total spring-mass system, as one moves his hand (the 
spring-mass system) down, the weight moves up. Likewise, 
as his hand moves up, the weight moves down. The weight 
would be in direct opposition to the movement of the spring. 
This results in the system performing a function opposite of 
what is required. This is called instability or resonance. To 
put this in perspective with regard to a hydraulic system, the 
natural frequency can be calculated (as previously men- 
tioned) and the factor which determines instability is the ac- 
celeration and deceleration time. Trying to accelerate and 
decelerate high inertial loads too quickly, can cause the cylin- 
der or motor to be unstable. This also creates shock waves 
in the plumbing, which leads to external system leakage. 


It is possible to increase the spring constant of the system by 
keeping the valve as close to the actuator as possible, thus 
reducing the oil volume trapped between them. This will 
allow higher acceleration and deceleration rates due to a 
stiffer spring. If, however, too high of an acceleration is 
chosen, the actuator will have an irregular movement, re- 
gardless of the higher natural frequency. If the natural fre- 
quency is too low, the system will oscillate. 


Figure 2 
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Now let us consider how we calculate the natural frequency 
of a differential cylinder and how we then determine the ac- 
celeration time. 


The first thing that must be established is the spring con- 
stant. The designer must be cautious when the spring con- 
stant is at its minimum value, which means the natural 
frequency is at its lowest value. This is the worst case of the 
spring constant and one must design around it. 


Cmin Must be established. Cmin however, is related to some 
distance of the cylinder travel. A formula to calculate this 
distance has been developed for differential cylinders. The 
origin of this formula is given below: 


In order to determine the distance at which the spring con- 
stant is at its minimum value, the maximum value was first 
established by determining the spring constant when the 
cylinder was first fully retracted and then fully extended. 


When the cylinder is fully retracted the bulk modulus formula 
can be applied, (S = 0). 


E Vo xA P 
AV 

AREE 
AV Vo 
AP = Change in pressure (lb/in?) 
AV = Change in volume (in?) 
Vo = Original volume (in?) 
B = Bulk modulus (in/ib?) 


Bulk Modulus Formula: The bulk modulus of a fluid is a 
measure of the change in volume which occurs when the 
pressure on the fluid is changed. The magnitude depends on 
the bulk modulus of the fluid, the original volume and the 
amount of pressure change. 


AL 
NY = — 
A, 
AV = AS xÅ, 
AL = Change in load force 
AS = Change in stroke 
A, = Areaof blind end 


The change in load is influenced by the acceleration force 
(F = mA) 
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By substitution: 
ALIA, 0 
AS x A, ~ Vo 
A L Lee 
AS x A,? Vo 
From F = —Kx: 
AL A,” x 
C =—= ß 
As Vo 
A 2 
Cpe 
Vo 


The bulk modulus formula dictates the amount of pressure 
change for a given compression (or decompression). This 
pressure change is created by the’ acceleration forces (F = 
mA) 


To define the oil volume (reference Figure 2): 


Vo = V, = A, xL, 
V, = Pipe volume blind end of cylinder (in?) 
A, = Area of pipe or tube (in?) 
L, = Length of pipe or tube between 
valve & actuator on blind end (in) 
c = Ad XB Blind End constant 
V, (When fully retracted) 


The volume in the cylinder, the bulk modulus, and the 
volume between the valve and actuator on the rod end side 
must also be considered since the proportional valve meters 
both in and out. 


< 
| 


= A, x L, 
Vicyl)= A. x S 


Ching pA ET A TH 
V; V, + (A. x S) 
V, = Pipe volume rod end of cylinder (in?) 
A. = Effective area of rod end (in?) 
S = Stroke (in) 
L, = Length of pipe between valve and 


actuator on rod end (in) 
Ci max = Constant when fully retracted 


Likewise, when the cylinder is fully extended, the constant is 
defined as: 


A? x B AZ x B 


Ca mas = — — 
V, + (A, x S) V, 


C ma = Constant when fully extended. 


The distance at which the spring constant is at a minimum 
was then derived from: 


dc _ — 
dg 7? C'=0 
when C >0 


From the derivitive, this distance then equals: 


(A. x S) TLN, = N, 











__ wast Es 
1 hy 1 
VA, OVA 


The graphic solution would appear as follows: 


Figure 3 


Cylinder Stroke “‘S”’ 





Cmn = C,+C, at stroke length “d” 
Cl nisi pe AB A? xp 
* V,+(A, x d)  V,+A.(S-—d) 


V,+(A, x d)=V, 
V,+A.(S —d)=V, 


Chin = HE BI si + Gy Ie Zif 

V, V, 
V, = Oil volume on blind end side (in?) 
V, = Oil volume on rod end side (in?) 


The natural frequency for the differential cylinder would then 
be: 








= Cc 
Wo, M 
- |Q, Q 
SaF L M OM 
i — 
_ {Av xp Aż xp 
Be VxM VxM 


As calculated above “w,” is the natural frequency in radians 
per second (rad./sec). From a theoretical view “w,” can now 
be used to determine the time needed for acceleration. From 
experience (Figure 4), however, we must consider other 
capacitances of the system. (e.g. hoses, mechanical com- 
ponents, etc.) As proven by application examples, we find 
that the useable acceleration is better estimated by dividing 
the calculated natural frequency by 3. Naturally, this is a sim- 
plified estimate which has been proven to give ample ac- 
curacy for most systems. This simplification avoids a com- 
plex mathematical analysis, which would require variables 
which are difficult, if not impossible to determine. Therefore; 
to calculate the useable acceleration: 


w = * (rad./sec.) 


To obtain the natural frequency of the system in hertz (hz) 
we must divide by Zn. 


wm 


P S (hz) 





TL 
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Figure 4 


Mechanical Component 
Spring-mass System 





Hydraulic Spring-mass 
System 


Likewise; from “w” (rad/sec) we can also find the time 
constant “I”. This is the time period required for one 
oscillation. 


1 
T = — (sec.) 
w 


As described in the following text, the time required for ac- 
celeration is based on this time constant. Generally, for 
stable acceleration, the time allowed must be a minimum 
of 4 to 6 times the time period for one oscillation. The 
mechanics involved are better described in Figure 5. 


T, = 6 x T 
T, = Time allowed for acceleration (Figure 6) 
T = Time period for one oscillation 
Figure 5 
System Natural Frequency 
FORCE FOR 
ACCELERATION 


Damping Friction (Absorbs Energy) 


During the acceleration of any mechanical system (Figure 5) 
the available force input is split into three parts. First a per- 
centage of the force is used to cause the actual acceleration 
(F = mA). Second, a percentage of the force goes toward 
compressing the natural frequency of the system (F = Kx). 
Finally, some force is used in overcoming frictional forces 
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and other dampening factors. For vertical loads we must 
also overcome the weight of the load. 


For extremely low levels of force and therefore low levels of 
acceleration, the incoming force has a magnitude much 
lower than the compressive spring force of the system’s 
natural frequency. For these conditions the final velocity is 
predictable based solely on the low acceleration rate and the 
desired change in velocity. If, however, we attempt to pro- 
vide more and more input force, in order to accelerate the 
mass faster and faster, we reach a point where the spring 
(system’s natural frequency) cannot transmit this force. In 
other words, as the input force is increased, more of this 
force is used in compression of the spring while a limited 
maximum force is transmitted through the spring to cause 
acceleration. For maximum cycle rate from the system at 
hand, we try to supply sufficient force to accelerate the mass 
without supplying additional forces which only excite the 
natural frequency of the system (compress the spring). The 
ideal maximum acceleration is achieved when the extra force 
absorbed by the spring can be quickly dampened by the fric- 
tional forces (dampening factors of the system). If the spring 
forces are excessive when compared to dampening forces, 
an unstable oscillation is created. 


Figure 6 


INPUT 
VALUE 


7 
4 


| a — 
L b 
a | 


Ca 
| 
| 
| 





Velocity (or flow) 
FF 
S 
5 
D 
il 
S 
ll 
dle 


In reference to the graphic analysis of the maximum ac- 
celeration (Figure 6), the limiting acceleration is based on a 
time constant as derived from the following formula: 


V, = V.(1-ell7) 

V, = Actual velocity 

V. = Desired velocity 

e = Irrational number = 2.72 
T/t = Timeconstant based on 


number of time periods 


a) T 
bi + 


Elapsed Time 
Time Constant 


This formula shows that during the first time period the 
maximum velocity achievable is 63% of the desired final 
velocity. During the second time period the velocity reaches 
86% of the desired, the third, fourth, fifth and sixth time 
period are 95, 97, 99 and 99+% respectively. 


By allowing six time periods for acceleration a smooth ex- 
ponential increase to final velocity is achieved. If only four 
time periods are provided for acceleration, there is a critically 
dampened oscillation which occurs prior to achieving the 
final velocity. With less than four time periods an unstable 
oscillation is created which typically cannot be tolerated. It 
is interesting to note that it does not matter what the ac- 
celeration rate is, the mechanical system always reaches 
63% of the desired velocity in the first time period. Likewise, 
it achieves a stable constant velocity in the sixth time period. 


On the practical side, this information is important when 
selecting the system pressure, and it is necessary when 
establishing the maximum pump flow. These considerations 
will be dealt with in the following example. In the actual 
system, however, the maximum acceleration is adjusted by 
starting with maximum ramp time. 


During machine operation the ramp time is gradually de- 
creased until the instability point is reached. By adjusting the 
ramp time to the point just before instability (approximately 
six time constants) maximum acceleration and therefore 
maximum production can be achieved without shock. 


At this point, therefore, it is best to look at_a conventional 
application, where a proportional directional valve is used to 
accelerate a load to a ‘constant velocity and decelerate to a 
stop, then retract in the same manner to start the cycle over 
again. Also, assuming the amplifier used has one ramp set- 
ting, the acceleration and deceleration times will be the 
same. 


Parameters known: 


The application requires that a 1000 lb. horizontal load be 
moved in 1 second a distance of 30 inches and the cylinder 
size is 1-1/2” bore, by 1” rod. 


The natural frequency must be calculated first so that the 
time to accelerate can be determined, and from this the 
maximum velocity can be determined. 


W = 1000 Ibs. 

A, = 1.76 in? 

A. = .98 in? 

S = 30in. 

B = 2.0 x 10: Ib/in? 
Tube size = 3/4” 0.D. x.065” 


L, = Length of pipe on 
blind end = 46.5” 

L, = Length of pipe on 
rod end = 38.75" 


Since the following information is known, and as was stated 
earlier, by designing arounded C,,,,, “d” can be determined 
(Figure 7): 


Figure 7 

















A. x S M V, V; 
N AS V A? V ÅA, 
d = 
1 i 1 
VA. VA, 
2 
mx (.62)? 
—— x46.5 in. 
= 14.04 in’ 
V, = .30 in? x 38.75 in. 
= 11.7 in? 
(98 in? x 30in) +11.7in? 14.04 in? 
r V (.98 in?) V (1.76 in?) 
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d = 20in 


The natural frequency can then be calculated (Figure 7): 


A,’ xB 









A? xB 





wo = 
V. > M V.xM 
V, =V,+A,xd 
= 14.04 in? + 1.76 in? x 20 in 


= 49.05 in’ 


V, =V,+A.(S — d) 

11.7 in? + .98 in? (30 in — 20 in) 
11.7 in? + 9.8 in? 

21.50 in? 


HOW | 





2\2 , lbs ft in) 
(1.76 in?) x2.0x10 x 32.2 x12 
in? ft 


sec’ 


49.05 in? x 1000 Ibs. 


















lbs x 32.2 ft 


in? sec’ 


i 
(.98 in?)? x 2.0 x 105 x 19 


21.05 in? x 1000 Ibs 


3512 


(sec)? 


4840 
(sec)? 





wo = 


Eroa radians 
second 


The useable acceleration lies at about one third of the 
natural frequency 





The acceleration time can then be calculated, 


T= lla 
T = 1/30.46 =.032 sec 
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This, however, only determines the time in which the am- 
plitude (velocity) reaches about 63% of its desired final value 
as was mentioned previously. The acceleration time is 
proportional to the final desired speed; therefore, a factor or 
6 x is used to allow for an acceleration stabilizing time. 
Using this factor of 6 for a proportional valve system has 
proven that this time for acceleration and deceleration lies 
outside the unstable region. 


Therefore, the acceleration stabilizing time would be: 


T,=6xT 
T, =6 x.032 =.20 sec 


From this acceleration time, the maximum velocity can be 
determined in terms of stroke. From V,,a:, acceleration rate, 
acceleration force, acceleration pressure and the required 
flow rate can then be determined (Figure 8). 


Figure 8 





T. T, 
TEN 
DOSAR lla 


V mor T, V mos T, 
+ — —“ 


2 


ka = 





+ V,.:*(T- 2T,) 





2 

V ox = S 
(T = T.) 
30 in in 


E A HIL 
1.0 —-.20 sec 


in 
min 








x 60 Z 2250 
min 


mai 


Therefore: 


_V_ 37.5in/sec 187 in or 12-6 ft 
T. .20 sec sec? sec? 





Acceleration force would be: 


1000 lbs 15.6 ft/sec’ 


= 485 Ibs 
32.2 ft/sec’ 


w 
F = ma = — a = 
g 


Frictional Force: 


F = u N = .58 (1000) = 580 Ib 
F. = 580 lb +485 Ib = 1065 Ibs 


Acceleration pressure at the blind end would equal: 


E 1065 Ibs -605 PSI 
A, 1.767 in? 


Acceleration pressure at the rod end would be: 


F, _ 1065 Ibs 
A. .982 in? 





P= = 1085 PSI 


The flow rate required would be: 


Vina xA, 2250 (in/m)x 1.76 in? 


Q= 531 231 
Q, =17.2 GPM 
2250 (.982 
O Ne eee) 10.0 GPM 
231 231 


Since the cylinder has an area ratio close to 2:1, the valve 
selected should also have a spool area ratio of 2:1. From the 
calculations that will be shown later in the text, the pressure 
drops can be determined and the valve can be selected. If the 
valve were moved closer to the cylinder, and the natural 
frequency would be recalculated, it could be seen that the 
natural frequency would increase. This would then allow for 
higher acceleration and deceleration rates, thus allowing for 
a faster cycle rate. This is shown in the following example. It 
also should be mentioned that if pump flow was determined 
without considering the accelerating time, the required one 
second cycle time would not be achieved. 


NATURAL FREQUENCY FOR 
MOTORS 


Figure 9 


> 


From the physical laws of motion: 


wo = 5 

wo = The natural frequency 

C = Spring constant of the oil 

I = Moment of inertia of the mass 


NOTE: Since the mass moment of inertia for rotary move- 
ment depends on the object being rotated, an example for 
one particular application’ will be shown. The effect of the 
proportional valve being mounted a substantial distance 
from the motor will also be shown in this example. 


Figure 10 
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In a molding machine, the movement of prepared molding 
boxes to the molding line is carried out by a proportional 
directional valve operating a hydraulic motor which operates 
a carriage having a specific gear ratio. It is desired to move a 
load weighing 8100 lbs to a linear velocity of; Vma = 3.28 
ft/s and then stop within 1.5 ft.. Therefore the required ac- 
celeration would be: 


V? (3.28 ft/s)? ft 
ag 205) > sect 


The parameters of the system are as follows: 


W = 8100 Ibs. 
8 


Gear Ratio = i = Za — 
Z, 17 


Displacement of motor = 6.7 in?/rev 
Desired speed of motor = 272 RPM 
Tube inside diameter = 1/2” 

Tube length = 32 ft. 





C 
wo = — 
I 
C, =C: +C, 
— 
C, 9 KZH 


V, 


V, = Trapped oil volume per side (in °) 
D = Volume of the motor (in?) 

B 2.0 x 105 Ib/in? 

I, = Mass moment of inertia 


Wo Ait a 
2 


A, = Area of pipe 
L =Length of pipe 


n(.5)? 6.7 in? 
U i x 393 in + 








V, =77 in? + 3.4 in? 


V, =80.4 in? 








I =— xr? 

I 
I, =— 

i2 
W =8100 lbs 
r =2.3inor .2 ft 

——* 2 
— S100 Ib/32.2 (ft/s?) x(.2 ft)? (17)? 
——— (38) 
r =2.1 2ft 

sec’ 








T " «9.0 «105 Ib/in? 
LER 


2xn 
lo-ft 
80.4 in? x2.1 - 
C 








i 
12— 
ft 


wo = 14.9 sec"! 


wo 14.9 

w =—— = —— = 4.96 sec”! 
3 3 

T sue ZUN- .202 sec 
w 4.96 


Acceleration Time 


T, = T x 6 = .202 x 6 = 1.21 sec 


Acceleration Rate 





T, 1.21 sec sec? 


Mass moment of Inertia 


9-8 


It was stated previously that the required acceleration was to 
be 3.56 ft/s?. The calculations show that a maximum ac- 


celeration of 2.71 ft/s? is all that is available if smooth run- 
ning is to be achieved. In order to achieve a higher ac- 
celeration, the natural frequency of the system must be in- 
creased. 


To increase the natural frequency of the system, the valve 
can be placed closer to the motor which in turn reduces the 
volume of oil trapped between the motor and valve. This 
gives a stiffer spring and allows for higher acceleration and 
deceleration rates. 


If the system is recalculated with a tube length of 3.5 ft, 


Trapped Oil Volume V, 
D 
V, = A, x L + 
2 
£ n(.5 in)? <42in + 6.7 in? 
4 2 
=11.6in’ 


Natural Frequency wo 





wo = 40.9 sec! 


Achievable Acceleration 


wo 40.9 

w =— =———_ = 13.65 sec! 
3 3 
1 1 


Acceleration Time 
T, =Tx6 = ,439 sec 
Acceleration Rate 


maz 3.28 
a Nea ESE. fts = 7.47 ft/sec? 
T,  .439 sec 


With the reduced oil volume between the motor and the 
valve, a recalculated acceleration rate of 7.47 ft/s? now 
allows the load to be accelerated at 3.56 ft/s? without the 
system going into instability. 


Calculation of Natural Frequency in Hydraulic Cylinders 
Double Rod Cylinders 


Figure 11 





2.0 x 105 Ib 
in? 
Effective area of the cylinder (in)? 
S Stroke of the cylinder (in) 
= Trapped total oil volume (in)? 
M = Mass = w/g =1b/32.2 ft/s? 
V; = Trapped oil volume in pipeline per 
cylinder side (in?) 


2 
wo = — (sec) 
V Vx— 
g 


S 
V = Vi=V,=A.x7 +V’ (in) 


B = Bulk modulus of the oil 
A 
V 


a 


A double rod cylinder is at its minimum frequency when it is 
in midstroke, S/2 (Figure 11). 


ACCELERATION AND 
DECELERATION CURVES 


The following curves illustrate acceleration and deceleration 
time and distance for linear acceleration. They may be used 
to make close estimates of required acceleration rates or 
they can serve as a final check to see if previous acceleration 
calculations are correct. Referring back to the example, 
where the acceleration time was determined from the natural 
frequency for a 2:1 cylinder, the acceleration time was .20 
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seconds, the acceleration rate was 15.6 ft/s? and the velocity 
was 3.2 ft/s. The accelerating/time curve (Figure 12) shows 
that a suitable acceleration will be realized in a time of .20 2. 
seconds to obtain a velocity of 3.2 ft/s, proving that the 
calculations completed earlier are correct. If, however, we ar- 
bitrarily pick a velocity and assume we can accelerate in a 
particular time period, it can also be seen from the curves 
that uniform acceleration will not be achieved. For example, 
if it is desired to accelerate at 9.8 ft/s? in under .25 seconds 
to a velocity of 3.3 ft/s, the desired velocity will not be 
achieved. The curve also shows that if a very low acceler- 


_ (37.5 in/s)? 


s= = 4.0 in or .33 ft 
2 x187 in/s? 


When these values are graphically analyzed, linear acceler- 


ation rate is desired, a very long acceleration time is required. 
This can be established by the ramp setting on the amplifier. 


Ramp settings range from .03 seconds to 5 seconds, which 
is more than sufficient for setting acceleration and de- 


celeration rates. 


ation is assumed (see Figure 13). This distance can also 
be used as a starting point as to where limit switches or 
proximity switches should be set. These switches are the 
electrical devices that are physically activated by the cylinder 
when the acceleration or deceleration point is reached; 


therefore it is desirable to set them as close to the actual 
deceleration point as possible. 


Figure 12 


Deceleration and Acceleration Time for Constant 


Figure 13 
Acceleration 


Deceleration and Acceleration Distance for 
Constant Acceleration (Deceleration) 


(=e 
I 
5 
& 


6.55 ft/s 


4.92 ft/s 





19.7 
26.2 


3.3 9.8 
6.5 13.1 


32.8 
39.3 


— alft/sec’] 3.3 9.8 





32.8 
39.3 


45.9 


52.5 


To determine the acceleration distance the linear acceler- 
ation distance curve (Figure 13) may be used. Referring back 
to the previous example, the acceleration distance is: 


—~» a(ft/sec?] 
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VALVE ANALYSIS 


The calculations for the natural frequency of the system is 
only part of the design procedure that must be considered. In 
actuality, the natural frequency calculations may only need 
to be considered if a fast cycle time must be predicted in the 
design stage. When accuracy is the prime consideration, 
such as slow and smooth movement of a load, the natural 
frequency calculations may be considered only on an 
estimated basis. 


The following information will be in regard to the two main 
types of proportional spools (1:1 and 2:1 spools) and the ef- 
fects they have on overrunning loads and resistive loads. 
From this information a precise analogy may be made as to 
the proper selection of the valve. This is the final design 
procedure when considering a proportional valve, whether 
the natural frequency is calculated or estimated. 


The calculations that follow have been worked through step 
by step to show the designer their origin. The resulting for- 
mulas have been charted at the end of this section to provide 
an easy reference guide for the user. 


OVERRUNNING LOADS 


Systems requiring a 2:1 cylinder should use a spool with a 
2:1 area ratio. It was mentioned in Chapter 7 that a 2:1 
spool is machined to give half the flow area on one land as 
compared to the other land. To further clarify this point, let 
us mathematically approach the reasoning behind why a 2:1 
spool should be used with a 2:1 cylinder. 


All proportional spools have the ability to meter-in and 


meter-out. Because of this orifice function, the equation for 
flow through an orifice applies (Figure 1). 


Q = CA VAP 


WhereQ = Flow across the orifice (GPM) 
C = Discharge coefficient 
A = Area of the orifice (in?) 
AP = Pressure drop across the 


orifice (Ib/in?) 


At first glance, it may seem that extensive calculations would 
have to be done to determine the pressure drop across the 
valve; however, considering the load conditions of the 
system the calculations become rather easy. The first con- 
dition that can be satisfied is the orifice equation. This will be 
satisfied for a 2:1 spool and then for a 1:1 spool to show the 
adverse effects they cause when they are used with 2:1 
cylinders. 


Figure 1 





Figure 2 


Q. Q: 


Al = 2 x A2 


For a 2:1 cylinder with a 2:1 spool Q, = will always be 
double of Q,’s value (Figure 2). 


A, = 2xA,, sA 


Since there are two orifices 


Q, = CA, AP, 


Q- * CAV AP, 


We can set them equal to each other: 


A, 
A, — or 2A, =A, 
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Therefore: 











— T 


with a 2:1 flow relationship: 


AP, = AP, 


The pressure drop will be fairly equal on both sides of the 


valve, giving good controllability for 2:1 cylinders. 


For 2:1 cylinders with 1:1 spools however: 














Figure 3 
U. 
e S 
A, =A, 
a -A-Q Q 
V AP, AP, 
+ Q; 2 =n AP, 
10: AP, 


with a 2 to 1 flow relationship: 


4 AP, = AP, 


When using a 2:1 cylinder with a 1:1 spool area ratio (Figure 
3), AP, is four times greater than AP.. This can cause con- 
siderable problems if the required back-pressure on the rod 
end of the cylinder must be greater than 1/4 of system 
pressure. A vacuum can be created since the blind end of the 
cylinder will not completely fill with oil. To see this in more 
detail we will consider a condition where there is a 1000 lb. 
overrunning load, and a 1:1 spool with a 2:1 cylinder (Figure 
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4). This relates directly to the method used to determine the 
pressure drops across the valve as was previously men- 
tioned. 


Figure 4 





W = 1000 Ibs. 

P, = pump pressure = 1500 psi 
A, = 3.14 in? 

A, = 1.66 in? 

Q = 30 GPM 


Based on Newton’s Law a force balance must exist at con- 
stant velocity. If we let “F” represent the total net load 
(Assuming no friction F = W in this example) we can write: 


PLA, ae F = PA, 


z P-A, +F 
3: A. 


We can also state: 


AP, = P, = P, 
and 


AP, = P; assuming P, = 0 


Likewise the Pressure drops; (Based on P, and P; pressures), 
must also satisfy the orifice equation; which for a 1:1 spool 
iS: 





From the above, by substitution and solving for D; the for- 


mula becomes: 
QP F 
2 P, Q: A, 


A Q? 
—— 


For the example Problem (Figure 4): 


15GPM]| 1000 lbs 
5 1399 rai + ad 1.66 in? 
3.14 in? 3 15 GPM | 
1.66 in? 30 GPM 
P, = —106 PSI 


Note: The minus sign indicate a vacuum would have to be 
created on the blind side of the cylinder. Since P, = 1500 
PSI the maximum AP, ,can be is: 


AP, =P, -0=1500 PSI 


The above calculation show that to satisfy the flow balance 
AP, would have to be: 


AP, = 1500 —(— 106 PSI) 
AP, = 1606 PSI 


This of course is not possible! 


EXAMPLE PROBLEM USING A 
2:1 SPOOL 


(Reference Figure 4): 


P, = P-A, +F 
A, 
AP, = P, — P, 


AP, =P; 


From the orifice calculation completed previously for 2:1 
spools 

Q, a AP, 

2Q,| AP, 
By substitution; and solving for P, the formula becomes: 


2xQ,’? F 
c. Q, | A, 


————— 
A, mee Q4? 
A, Q, 
For the example problem (Figure 4): 
aam 2x15 or 1000 Ibs 
E 30 GPM 1.66 in? 


«3.14 in [2x15 GPM} 
1.66 in? 30 GPM 


P, = 309 PSI 














The cylinder does not pull a vacuum. 


AP, =P, —P, 
AP, = 1500 -309 
AP, =1191 PSI 


Since AP, = P, and D. is now known 


P-A, +F 
A, 


_ 309 (3.14) +1000 Ibs 
1.66 in? 


AP, =1182 PSI 


P, = AP, = 


AP 2 


The valve would now be capable of keeping the load from 
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overrunning and from keeping the system from creating a 
vacuum. With a total pressure drop across the valve of 2373 
PSI, however, the spool stroke would still have to be con- 
siderably limited. 


Refering to the performance curve for the valve, at 70% con- 
trol current and 30 GPM the total pressure drop across the 
valve is 1450 PSI (Figure 5). The calculated pressure drop 
was 2373 PSI. This means, to obtain the 30 GPM flow re- 
quirement at a 2373 PSI total pressure drop, control current 
would have to be limited to much less than 70%. Since a 
small orifice is required at this considerably high AP, very lit- 
tle of the spool stroke would be used. Also the resolution of 
the valve at this high AP will not be as good as if it were in 
the range of 1450 PSI and below, at the required flow rate. 
The load should be counterbalanced. This will be discussed 
later in this text. 


Figure 5 


GPM fi/mini 


FLOW GPM {l/min} 





NTROL CURRENT [c] 


O 
S 


22.5 GPM nominal flow 
at 150 psi across valve 
1Ap = 150 psi drop 
2Ap = 300 psidrop 
3Ap = 450 pai drop 
4Ap = 725 psi drop 
5Ap = 1450 psi drop 


RESISTIVE LOADS 


Now that the conditions for 1:1 and 2:1 valves have been 
satisfied for overrunning loads, we will look at how 1:1 and 
2:1 valves are affected by a resistive load (Figure 6). 


By summing forces, P, can be solved... 


=F = P.A, — (P-A. 27 F) 


_P3A,+F 


P: 
A, 
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Figure 6 





Fora 1:1 valve... 





— SE 
AP, Q. 
AP, = P, — P, 


AP, =P; -pA 


By substituting and solving for P, the formula becomes: 





aod 
Q. + r 
Q&Q A 





Using the same parameters as before for a 2:1 valve with a 
resistive load: 


1000 Ibs 

1500 Pl 
"T 30 GPM > 1.66 in’ 
(2)(15)GPM|  3.14in? 


P, =777 PSI 
Since AP, =P, =777 PSI 
_ PA, +F 
— — 
P, = 777 PSI (1.66 in’) + 1000 Ibs 
3.14 in? 
P,=729 PSI 
= AP, =P,-P, 
AP, = 1500 -729 
AP, =771 PSI 


AP, = AP, + AP, 
=771 PSI +777 PSI =1548 PSI 


The total pressure drop across the valve is 1548 PSI. To ob- 
tain this 1548 PSI pressure drop, and to use the maximum 
possible spool stroke, the optimum valve size would have to 
be selected from the operating curves. It is important to 
remember, that each direction and load condition will in- 
dicate an optimum valve size. The final selection of the valve 
will be the best compromise of all possible operating con- 
ditions. In comparing all the operating curves for each valve 
size for a 2:1 spool, the best choice for this operating con- 
dition is a 22.5 GPM 2:1 spool for a 30 GPM required flow 
rate and a total pressure drop of 1548 PSI across the valve. 


Figure 7 Approximately 
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VALVE SIZING CONSIDERATIONS 
DURING RETRACTION 


At 30 GPM and a pressure drop of 1548 PSI approximately 
60% control current is needed to establish the required total 
pressure drop. This is only considering one direction. If we 
recalculate the pressure drops in the other direction, and 
assuming it is desired to retract the cylinder as fast as 
possible, one must be careful that the flow and pressure drop 
requirements. do not exceed the rating of the valve size- 
selected since the blind end flow will be double that of the 
rod end flow. The actual pressure drop in the retraction 
mode in this particular example would become quite high at 
60 GPM return flow. Not all applications, however, require 
that the cylinder be retracted quickly. This means the valve 
size presented would be more than adequate if the retraction 
mode speed were not a major factor. If the cylinder must be 
retracted as fast as possible, a larger 2:1 valve may have to 
be selected. Not much of the spool stroke would be utilized 
in the extension mode, however, the amplifier presets can 
easily be set to give the required speed. 


For a cylinder with an area ratio that is close to 1:1, the for- 
mula for a 1:1 valve is used. The parameters remain the 
same except for the cylinder area ratio. 


For example: 


A, = 3.14 in? and A, = 2.35 in? 


1000 Ibs 
1500 PSI- ——_— 
aid 3.14 in? 
* [30 GPM 2:35 in? 
22GPM "9.14 in? 
P,=454 PSI 
_ 454 PSI (2.35 in’) + 1000 Ibs 
Ñ 3.14 in? 
P, =658 PSI 
AP, =P,-P, 


AP, = (1500 - 658) PSI 
AP, =842 PSI 

AP, =842 PSI +454 PSI 
AP, = 1296 PSI 


A total pressure drop of 1296 PSI was calculated. Referring 
to figure 8, which is an operating curve for a 13.2 GPM spool 
(nominal flow rating) with a 150 PSI drop across the valve. 
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At 30 GPM and a calculated pressure drop of 1296 PSI; ap- 
proximately 90% of the spool stroke can be utilized. For 30 
GPM the calculated pressure drop of 1296 PSI will fall bet- 
ween curve 4 and 5. 


Figure 8 
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13.21 GPM nominal flow 
at 150 psi across valve 


1Ap = 150 psi drop 
ZAp = 300 psi drop 


3Ap = 450 psi drop 
4Ap = 725 psi drop 
5Ap = 1450 psidrop 


COUNTERBALANCING WITH 
PROPORTIONAL VALVES 


Proportional valves used to control a vertically acting load 
with a cylinder which has an area ratio close to 1:1 can use a 
direct operated counterbalance valve. 


Although the proportional valve provides metering, the 
pressure drop needed at the required flow rate to keep the 
load from overrunning may become quite high. Both the pull 
of the load and the push of the pump, must be taken as a 
pressure drop across the valve. 


For example, consider a down acting cylinder (Figure 9) with 
a 8.29 in? blind end and a 6.80 in? rod end which must ver- 
tically move a 5000 Ib. load. Flow requirements are 40 GPM 
and pump pressure is set for 1200 PSI. Using the formula for 
overrunning loads (1:1 valve): 
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33GPM} 5000 Ibs 
1200PSIo GpM| «6.8 in? 

8.29in? [33 GPM} 
6.80in? |40 GPM 


P, =43 PSI 


P, = 


AP, =P, —P, 
AP, = 1200 — 43 
AP, =1157 PSI 


_F+P.A, 
3 A. 


Figure 9 





_ 5000 Ibs + (43 PSI) 8.29 in? 


3 


6.80 in? 


AP, =1157 PSI +787 PSI 


AP, =1947 PSI 


A loop pressure drop of 1947 PSI was calculated with no 
counterbalance valve. If we look at the particular pressure 
curve for the proportional valve used, the loop drop is fairly 
high for the valve. 


Figure 10 
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13.21 GPM nominal flow 
at 150 psi across valve 


1Ap = 150 psi drop 
2Ap = 300 psi drop 
3Ap = 450 psi drop 
4Ap = 725 psi drop 
5Ap = 1450 psi drop 


By using a direct operated counterbalance valve, better 
resolution of the valve can be obtained. It may seem that the 
counterbalance valve should be used directly between the 
rod end of the cylinder and the proportional valve (Figure 
11), however, there are disadvantages to this. The setting of 
the counterbalance valve would be the pressure force over 
the cylinders piston area needed to keep the load sus- 
pended. Also, we must remember that the proportional valve 
adds resistance downstream of the counterbalance valve. 
The spring chamber of the valve is therefore increased to 
whatever the pressure drop is over the proportional valve 
from A to T. If set at load induced pressure, the proportional 
valve controls the cylinder as if there were no load since the 
counterbalance valve holds the load at its pressure setting. 
The counterbalance valve is difficult to adjust properly, and 
introduces the possibility of rod end pressure intensification. 
This possibility can be eliminated if the counterbalance valve 
were to be externally drained. To clearly demonstrate this 
point we will consider a condition that has the following 
parameters. A double rod cylinder has an area of 10 in?, and 
an overhung load of 45,000 Ibs (P, = 5000 PSI). 


The actual setting of the counterbalance valve normally 
would be slightly more than 4500 PSI. (Chapter 2). 


Because this is an equal area cylinder and valve, the pressure 


Figure 11 
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drop across the valve from P to A and B to T will be shared 
equally. Also, since the counterbalance valve’s setting in- 
fluences this condition as if there were no load, by summing 
forces the pressure drop on both sides of the valve will be 
2500 PSI. The forces will balance such that the pressure on 
the load side of the cylinder will be 2500 PSI and 4500 PSI, 
which equals 7000 PSI. Likewise, the pressure at the op- 
posite end will be 2500 PSI. 7000 PSI pressure at the load 
end is obviously quite high and cannot be tolerated. In actual 
applications if counterbalancing were used this way, depend- 
ing on the load conditions, and the setting of the counterbal- 
ance valve the pressure at the rod end would not be as high. 
The problem still exists, however, and one must be aware of 
what can happen. A more acceptable way of counterbal- 
ancing can be seen in Figure 12. 


By using a check valve and connecting the tank port of the 
counterbalance valve directly back to the tank, the propor- 








Figure 12 
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Figure 13 





tional valve no longer influences the setting of the valve. 
Speed control can still be set electronically controlled since 
the proportional vaive still will be metering-in when lowering 
the load. This also prevents damage to the cylinder if the 
proportional valve quickly closes due to a power loss, since 
the counterbalance also functions as a port relief valve. 


When holding a load with a remote pilot operated coun- 
terbalance valve, it is more desirable to run the tank port of 
the valve directly back to the tank (Figure 14), as in the case 
of placing the valve directly between the valve and actuator 
(Figure 13) where there are two restrictions in series. Once 
again, as with the direct operated counterbalance valve, the 
pressure at the load side of the cylinder can become higher 
than expected due to the pressure felt at the spring chamber 
of the counterbalance valve unless the valve is externally 
drained. One should also remember that the setting of the 
counterbalance valve must also be higher than the pressure 
at the no load side of the cylinder P, (Figure 14). In this case 
as the load is being pulled up it acts as a resistive load. Since 
the proportional valve adds resistance to flow at the no load 
side of the cylinder, pressure at the no load side may be 
higher than the setting of the counterbalance valve when the 
load is being moved up. This could cause erratic movement 
of the load; therefore, the counterbalance valve must be set 
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Figure 14 
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higher than the pressure at the no load side of the cylinder. 
To calculate the pressure at P; for this condition, the 
equation for a 1:1 valve can be used. (See chart of equations 
on Pages 9-20.) The pressure at the no load side would be 
250 PSI; therefore, the counterbalance valve would have to 
be set slightly higher than 250 PSI. 








5000 PSI — 45,000 Ibs / 10 in? 





P, = 
30 GPM}? z 10 in? 
30 GPM 10 in? 
P,=250 PSI 


APPLICATION OVERRUNNING LOAD 2:1 VALVE 





DIRECTION 
(2xQ,)? F 
P wa 
Q. A, 
PRESSURE ATP, 
2xQ,’ 

PRESSURE ATP, 

AP, =P, —-P, AP, =P, - P, 
PRESSURE DROP 
ACROSS VALVE AP, =P, AP, =P; 

AP, = AP, + AP, AP,=AP,+ AP, 
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APPLICATION RESISTIVE LOAD 2:1 VALVE 





DIRECTION 





PRESSURE ATP, 





PRESSURE ATP, 
AP, =P, -P, AP, =P, - P, 

PRESSURE DROP | 

ACROSS VALVE AP, =P; AP, =P; 


AP, = AP, + AP, AP, = AP, + AP, 
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APPLICATION RESISTIVE LOAD 1:1 VALVE 





DIRECTION 
PRESSURE ATP, 
PRESSURE ATP, 
AP, =P, —P. AP, =P, —-P, 
PRESSURE DROP L £ 
ACROSS VALVE AP, =P, AP, =P, 
AP, =AP, L AP, AP, = AP, + AP, 





CHAPTER 10 
ACCESSORIES 


Today, hydraulic systems play a vital role in keeping industry 
in production. Unfortunately, there are many hydraulic 
systems now in operation which do not have the accessory 
equipment necessary to provide for easy maintenance and 
trouble-shooting. These “no frills” systems are a product of 
cost cutting system design, which excludes extra cost items 
that have no apparent influence on the operation of the 
system. However, the hydraulic system must be dependable 
and this can only be achieved by designing into the system 
components which will provide for better serviceability, 
easier troubleshooting, and longer system life. 


After much experience with hydraulic applications, we have 
concluded that only two types of hydraulic systems exist: 
those which have been designed with the proper accessories, 
and those to which the necessary accessory components 
have been added in the field. Once we accept the fact that 
accessory items are mandatory for proper operation, we 
must also accept the fact that it is less expensive to include 
these items in the design stage than to add them on later. In 
addition, we will be able to enhance both the appearance and 
serviceability of the system if we integrate these components 
in the overall design stage. 


This chapter is intended to familiarize you with some of 
the more popular accessories. We will discuss pressure 
switches, pressure gauges, gauge protectors, modular 
manifolds, accumulators, and filters. 


PRESSURE SWITCHES 
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In modern day hydraulics, safety and automation have made 
the pressure switch a very important system component. 
Classical applications include: pressure dependent se- 
quential interlocks, high/low pressure unloading, audio or 
visual warning systems, and all types of safety interlocks. 
Pressure switches not only protect expensive components 
and machinery, but they also provide for operator safety. By 
nature of their application, extreme operating conditions 
must be considered in their design and use so that depen- 
dable operation is guaranteed. Typical operating conditions 
include: 

— Long periods of pressurization 

— High cycle frequency 

— High pressure peaks 

— Thermal shock 

— Mechanical vibration 

— Hydraulic pulsations 

— Silting by contaminated fluids 


Basically, there are two different pressure switch designs to 
meet the needs of various operating requirements. They are 
the piston and the Bourdon tube pressure switches. 


THE PISTON DESIGN 
PRESSURE SWITCH 


Micro _s_— 
Switch \ 
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The piston design pressure switch should be selected for use 
in systems with high switching frequencies or in those which 
have strong mechanical vibration and/or hydraulic pulsation. 
The basic design incorporates a die cast aluminum housing 
which includes the spring chamber, pressure adjustment, 
micro switch, and wiring box. Attached to the bottom of this 
aluminum housing is a piston actuator assembly. Depending 
on the intended use, the piston actuator can be ordered with 
or without a leakage port connection. In either design the 
operating principle is identical. The valve actuates when a 
system pressure, working on the area of the piston actuator, 
overcomes the spring force. This causes a slight upward 
motion of the push rod, which, in turn, causes the micro 
switch to become activated. The mechanical stop prevents 
overloading of the spring, and limits the travel of the push 
rod so that the micro switch is not damaged. 


Before discussing the merits of the various pressure switch 
designs it is important that we define two terms used to 
describe the performance capability of these pressure 
switches. The first term, deadband, describes the pressure 
differential between the rising pressure which activates the 
switch and the falling pressure which deactivates the switch. 
In general, if a switch is set to actuate at some particular set 
pressure, then each time pressure increases to this point the 
micro switch is activated. Deactivation, on the other hand, 
does not normally occur at this same set pressure. Because 
of static friction, we find that a typical pressure switch 
generally deactivates at a pressure which is slightly lower 
than the pressure which originally actuated the switch. 
Repeatability is the second term used to define the per- 
formance capability of any pressure switch. Simply stated, 
repeatability is the accuracy with which the switch actuates 
on consecutive pressure cycles. Let us now look at the 
various designs and their intended applications. 


PISTON ACTUATED SWITCHES WITH 
LEAKAGE CONNECTIONS 


The piston design pressure switch with leakage connection 
provides for a low friction piston actuator because it 
eliminates the pressure loaded dynamic sealing. This feature 
is particularly suited for high cycle frequency (up to 200 
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cycles/minute), high repeatability (+ 1.5% of set pressure), 
small pressure differential between on and off positions (a 
deadband within 5% of set pressure), and extremely long life 
expectancy (107 cycles). 


The cross-sectional illustration shows the basic design of this 
piston actuator. The bottom area of the spool is exposed to 
system pressure, while leakage past the spool is drained 
through the “L” port. The housing of the switch is sealed 
from leakage oil by the low pressure, low friction seal located 
above the “L” port. The seal in this design seals only leakage 
oil. Since it is not designed for exposure to high system 
pressures, the maximum allowable pressure on port “L” is 30 
PSIG. 
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The actuator housing is made of gray cast iron with a hard- 
ened steel spool. The clearance between the spool and 
housing is between 8 to 12 microns (see Chapter 5), which 
allows a maximum leakage of .18 in?/min at maximum 
operating pressure. Although this limits the use of the switch 
in small accumulator circuits, spool clearance and low 
pressure sealing provide the highest possible accuracy at all 
operating pressures because friction does not increase with 
system pressure. This feature is not possible in models with 
pressure load seals. 


As with any direct spring operated component, the spring 
constant (Chapter 2) can influence the operating charac- 
teristics of the pressure switch. However, since the switch 
does not have to handle varying flow rates, it is not in- 
fluenced by pressure override (Chapter 2). For this reason, 
only three different springs are necessary to provide 
adequate adjustment sensitivity in the pressure range from 
70 to 7250 PSI. The built-in mechanical stop (shown in the 
first cross section) protects the micro switch from damage 
and allows peak pressures of up to 8700 PSI. 


THE PISTON ACTUATED PRESSURE SWITCH 
WITHOUT LEAKAGE CONNECTION 


The piston design pressure switch without leakage con- 


nection is particularly suited for operating conditions which 
include high levels of mechanical and/or hydraulic oscillation, 
contaminated oil, and long periods of pressurization. In this 
design, the piston actuator uses a U-cup seal on the 
pressurized side of the spool. At 5000 PSI the seal has a life 
expectancy of 5 x 10° cycles, with a proportional increase in 
life expectancy as operating pressure decreases. Since the 
seal is a normal wearing item, the piston actuator is designed 
for easy seal replacement. 
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High Pressure 
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High Pressure Version 


As shown in the cross-sectional illustration, the location of 
the seal not only protects against leakage, but it also pre- 
vents contamination from entering the close tolerance fit be- 
tween the piston and its housing. Consequently, jamming of 
the spool because of silting during long periods of 
pressurization is not a problem with this design. 


Pressure loading of the seal forces it against the spool, thus 
increasing friction. This high friction serves as a dampener 
for mechanical and hydraulic pulsations, but it also has an in- 
fluence on the operating characteristic of the switch. The 
deadband with this design is pressure dependent with the 
average deadband being approximately 15% of set pressure. 
The average repeatability is within + 2% of the pressure set- 
ting. 
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Low Pressure Version 


As shown in the cross-sectional illustration, the low pressure 
version of this design incorporates a larger piston than do the 
higher pressure models. On this model, the seal’s friction 
characteristics become a lower percentage of the shifting 
force (larger area means higher force), and, consequently, 
they provide more favorable characteristics. In this model the 
average deadband drops from 15 to 9% of set pressure, with 
an average repeatability of 1.5% of set pressure. 


To obtain suitable life expectancy for the high pressure seal, 
the maximum cycle frequency should be kept below 50 
cycles per minute. The high pressure seal limits the 
maximum pressure, so excessive pressure spikes should be 
avoided. 


PISTON ACTUATED PRESSURE 
SWITCHES WITH DIFFERENT 
MOUNTING STYLES 


Up to this point, we have shown only line mounted pressure 
switches which must be “teed” into the plumbing of the 
hydraulic system. The cross sectional illustration shows a 
more compact design piston actuated pressure switch, which 
can be easily adapted for line mounting, subplate mounting, 
or sandwich mounting between the directional control valve 
and its subplate. The sandwich mounted version can be sup- 
plied with one or two switch assemblies attached to the 
adaptor plate. Adaptor plates are available with passages 
which allow the switch(es) to sense pressure in either the 
P,A, or B ports of the directional control. 
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Modular Piston Striking Plate 


Actuator Assembly 


Pressure Switch For Subplate (Manifold) 
Mounting 


The cross-sectional illustration shows a piston actuated 
pressure switch which operates in a slightly different manner 
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from the one discussed up to this point. In this design, the 
spring holds the striking plate in a position which actuates 
the single pole double throw micro switch. As pressure in- 
creases in the piston actuator assembly, the spring collapses 
and allows the striking plate to move away from the micro 
switch. When the switch deactivates, the electrical path 
through the switch is changed. As you can see in the cross 
section, the movement of the striking plate is limited to 
prevent overstressing of the spring when system pressure 
goes higher than the switch setting. Because of the compact 
design, this switch is only available with a high pressure seal 
on the piston actuator. Consequently, a model with a 
leakage port is not available. 


Piston Actuator Module 
With Threaded Port. 





Line Mounted Version 





Sandwich Mounted Version 


BOURDON TUBE 
PRESSURE SWITCHES 


The Bourdon tube pressure switch is available in two dif- 
ferent designs. One design offers a key locked pressure 
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setting which is read directly from the pressure scale. The 
second design offers two independently adjustable micro 
switches which allow for an infinitely adjustable deadband. 
Let us now take a closer look at the operating principle of the 
Bourdon tube design pressure switch. 


Indicator 
Light 
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Bourdon 
Micro 
Switch(es) 
— Snubbing 
Striking Rs 
Plate Orifices 
Bourdon Tube Pressure Switch 
The cross-sectional illustration shows the general 


arrangement of the Bourdon tube, micro switch(es), and 
striking plate. The Bourdon tube is a helical wound tube 
which is connected to system pressure at one end and sealed 
at the other end. When the tube is pressurized, it tends to 
straighten. The expansion of the helical coil causes the free 
end of the tube to move proportionately to the pressure ap- 
plied internally. The pressure adjustment is made simply by 
changing the position of the micro switch with respect to the 
striking plate on the free end of the tube. The micro switches 


are spring loaded so that they are not damaged by further 
tube expansion when system pressure goes beyond the 
pressure setting of the switch. 


The special advantages of the Bourdon tube design are: 
— Extreme accuracy 
— Small pressure differential 
— No seal or leakage problems 
— Insensitive to contamination 
— Assured of functioning even after long periods 
(years) of pressurization 
— Can be used with gases as well as liquids 


The sensitivity of the Bourdon tube is a desireable feature of 
this type of switch. However, in designing a system with a 
Bourdon tube pressure switch, you must be aware that the 
pressure setting will be quite inaccurate if the pressure switch 
is subjected to mechanical vibration or hydraulic pulsations. 


With respect to mechanical vibration we must remember 
that the helical coil of tube is suspended in free air, and is 
supported only at one end. If the housing of the switch is 
rigidly mounted to a vibrating member of the machine's 
frame, the vibration will be transmitted to the tube. The 
spring action of the tube will amplify this mechanical 
vibration, which, in turn, will cause erratic and unwanted ac- 
tivation of the micro switch. To avoid transmitting this 
mechanical vibration to the Bourdon tube, the switch 
housing frequently must be mounted on resilient rubber 
shock mounts with the pressure connection being made of a 
short piece of hose. 


With very little mass and virtually no sliding friction the Bour- 
don tube responds quickly to changes in system pressure. In 
fact, it is quite possible that the Bourdon tube will sense the 
pulsation in system pressure as created by the pump. To 
help alleviate this potential problem, the standard switch is 
supplied with an orificed inlet to the tube. Nevertheless, ad- 
ditional orificing or the use of a sintered metal gauge snubber 
may be required. By using a coil of hose for the pressure con- 
nection, the capacitance of the hose will help dampen the 
hydraulic pulsations. 


THE BOURDON TUBE PRESSURE SWITCH 
WITH FIXED PRESSURE DEADBAND 


The photograph shows a typical Bourdon tube pressure 
switch with a fixed pressure deadband. This design in- 
corporates one single pole double throw micro switch, which 
is activated by the positioning of the Bourdon tube under 
pressure. The lockable hand knob positions the micro switch 
by means of a mechanical cam, and has a pressure scale for 
setting the actuating pressure. The accuracy of the pressure 
scale is +2% of the maximum pressure rating. Since the 
pressure rating of the switch is based on the strength of the 
Bourdon tube, five different tubes are available to cover the 
20 to 6000 PSI pressure range. Repeatability of the Bourdon 
tube design is better than + 1% of set pressure. 





Fixed Deadband 
Bourdon Tube Pressure Switch 


The life expectancy of the Bourdon tube design is directly in- 
fluenced by the mechanical integrity of the tube and the 
pressure at which the switch operates. To prevent premature 
damage due to overstressing of the tube (by over- 
pressurization) a mechanical stop is provided in the switch 
housing. Likewise, for maximum life, it is recommended that 
the cycle frequency be kept below 30 cycles per minute. 


THE BOURDON TUBE PRESSURE SWITCH 
WITH AN ADJUSTABLE PRESSURE 
DIFFERENTIAL 





This model is identical in operation to the model previously 
discussed except for the fact that this switch contains two 
micro-switches with a different means of independantly ad- 
justing their position. When used in conjunction with an elec- 
trical relay, the pressure differential is infinitely variable be- 
tween maximum and minimum values. Let us now take a 
look at a typical application of this switch. 


The accumulator unloading circuit is a classical application 
for a pressure switch with an adjustable pressure differential 
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(deadband). When used with a normally open solenoid 
vented relief, the switch offers precision control of the 
maximum and minimum pressure limits of the accumulator. 
The pressure switch with solenoid vented relief is sometimes 
preferred over the accumulator unloading valve (Chapter 2) 
simply because the pressure differential can be set at the 
value necessary to meet the requirements of the system. 
Remember that with the accumulator unloading valve the 
pressure differential is established only by the area dif- 
ferential in the pilot valve. Of course, this area differential is 
not adjustable. The following electrical diagram shows the 
typical wiring of a switch for this application. 


The electrical schematic shows the pressure switch with ad- 
justable pressure differential, a double pole double throw coil 
relay (use of only the normally open contacts is indicated), 
the solenoid on the solenoid vented relief, and two indicator 
lights. Initially, upon start-up of the system, the coil relay is 
energized through the normally closed contact of the low 
pressure micro switch. This causes CR-A and CR-B to close. 
The solenoid is energized (which loads the relief valve) 
through CR-B. 


As system pressure increases to the low pressure setting, the 
low pressure micro switch is activated, which causes the 
“Low Pressure Exceeded” indicator light to function. At this 
point, the coil relay is still “latched” in by the electrical con- 
nection through the normally closed contacts of the high 
pressure micro switch and the now closed CR-A contacts. 


The third part of the cycle functions when system pressure 





reaches the high pressure setting of the second micro switch. 
Activation of this switch causes illumination of the “High 
Pressure” indicator light, and, at the same time, “drops out” 
the coil relay. This, in turn, causes CR-A and CR-B to open. 
Opening of CR-B causes de-energization of the solenoid and 
vents the pump to tank. Opening of CR-A “resets” the 
system. Once CR-A opens, the coil relay can only be reac- 
tivated if system pressure drops below the setting of the low 
pressure switch. 


PRESSURE GAUGES 


Obviously, pressure gauges indicate the operating pressure 
in the part of the system to which they are connected. Once 
the pressure is known, the output force or torque fo the ac- 
tuator can be calculated precisely. Pressure gauge in- 
dications are also necessary when you are adjusting a 
pressure control or setting the pressure adjustment on a 
variable displacement pump control. However, in addition to 
these more obvious uses, pressure gauges play an even more 
important role in the operation of the hydraulic system. 


The pressure gauge is probably the most important tool 
available to the person who must trouble shoot a hydraulic 
system. By studying a circuit schematic we can determine 
the pressure level that is supposed to exist in a given part of 
the circuit, but, without the aid of a pressure gauge, we have 


Electrical Lines ö— — ———— — 
Adjustable . (120v-60hz typical) Double Pole 
Differential = Double Throw 
Pressure Low Pressure Coil Rela 
y 
Switch LA 
Er Jim dias 
© 
“T\ (Low Pressure 
High Pressure Exceeded) 
CR-A 
. cS 
i Indicator Lights 
l N i Pi 
` (High Pressure) 
CR-B 
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Solenoid 


Ty 


no means of seeing if this pressure really exists. For instance, 
pressure gauges are instrumental in determining if a direc- 
tional valve has shifted, in ascertaining whether or not the 
sequence valve has opened, in tracing hydraulic lines, etc. 
For these reasons, an adequate number of pressure gauges 
must be provided in the design stage so that the pressure in 
each portion of the circuit can easily be determined once the 
system is actually functioning. If a system requires so many 
gauges that its construction would not be feasible or 
economical, plugged gauge port connections should be 
provided in the plumbing. In this way, the troubleshooter can 
more easily install the required gauges in order to determine 
the pressure levels in different portions of the circuit. 


PRESSURE GAUGE OPERATION 


The operating principle of the pressure gauge is similar to 
that of the Bourdon tube pressure switch. As shown in the 
cross-sectional illustration, the Bourdon tube is connected 
via mechanical linkage to the pointer’s gear drive. As the 
pressurized tube expands, the gearing is repositioned, and it 
moves the pointer so that the pressure can be read directly 
from the pressure scale. 
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— 4000 
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GAUGE INSTALLATION 


The Bourdon tube design allows extreme gauge accuracy at 
a nominal cost. Production gauges typically display an ac- 
curacy of better than 2% of the full scale pressure. Never- 
theless, these gauges are no more accurate than the Bourdon 
pressure switch if they are subject to mechanical or hydraulic 
pulsation. When you are selecting a gauge for permanent 
mounting in the hydraulic system, remember that the full 
scale pressure should be 1% to 2 times the maximum 
operating pressure of the system. This prolongs the life of the 
gauge by preventing an overstress of the Bourdon tube. 


When you are installing the gauge, we recommend that you 
use a gauge shut-off or a gauge isolator valve. This will 
isolate the gauge from the system until a pressure reading is 
required. The simplest form of shut-off valve is a 14” needle 
valve, while the more sophisticated gauge isolator valve is 
designed specifically for this purpose. 


The gauge is vented Gauge Port 


to tank when 
notin use 
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Gauge Isolator Valve 


The cross-sectional illustration shows a typical push-to-read 
gauge isolator valve. This valve is similar in function to a 
manually operated 3-way spool type directional control. In 
the spring offset position, pressure is blocked and the gauge 
is vented to tank. Pushing the button blocks the tank con- 
nection and exposes the gauge to system pressure. The 
major advantage of the gauge isolator valve is that it prevents 
an improper interpretation of the actual pressure in the 
system. A needle valve, if shut off under pressure, can ac- 
tually capture pressurized fluid in the gauge. If this occurs, 
the gauge can read full system pressure even if there is no 
pressure in the system. Consequently, the gauge isolator 
valve offers the convenience of isolating the gauge even 
during operation of the system. 


The gauge isolator valve, as shown in the illustration, con- 
nects pressure to the gauge port through small diameter 
passages in the valve body. This restricted flow area 
provides an orifice effect which dampens out the hydraulic 
pulsations, helping to avoid inaccurate pressure reading 
(needle flutter). Although this orificing is sufficient for most 
applications, it is sometimes necessary to use a gauge 
snubber to dampen out all the hydraulic pulsations. 


Gauge snubbers come in a variety of designs and models, 
but their sole purpose is to prevent hydraulic pulsation from 
reaching the pressure gauge. The cross-sectional illustration 
shows a sintered metal snubber, which is commonly used in 
hydraulic systems. 


The sintered metal snubber is nothing more than a 14” NPT 
fitting which incorporates a sintered metal insert. The sin- 
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Sintered 
Metal 
Insert 





tered metal is porous, and it allows fluid to reach the gauge 
only after passing through many small passages. This 
provides good gauge stability by isolating the gauge from 
hydraulic pulsations. Typical sintered metal gauge snubbers 
come in a variety of porosities for use with fluids of different 
viscosities. The porosity of the element is selected to give 
favorable gauge response while at the same time preventing 
needle flutter. 


Finally, when mounting the gauge, remember to isolate the 
gauge from mechanical vibration. This is most easily ac- 
complished by remotely mounting the gauge and using a 
length of hose to make the pressure connection. For in- 
stallation convenience, pressure gauges are offered in a 
variety of pressure ranges with several different mounting 
styles. The two most popular are the 1⁄4” NPT lower male 
connection and the 1⁄4” NPT center back male connection 
with face flange for panel mounting. 


GLYCERIN FILLED GAUGES 


The glycerin filled gauge, although slightly more expensive, is 
far superior to the dry gauge for use on hydraulic systems. 
The glycerin filled gauge is similar to the dry gauge in 
operation, except for the fact that the gauge housing is 
sealed, and then filled with a viscous clear liquid, glycerin. 
The glycerin lubricates the gauge mechanism and the high 
viscosity dampens the vibration of the needle created by 
either mechanical or hydraulic pulsations. However, there 
are two precautions concerning the use of glycerin filled 
gauges. First, the gauge must be mounted vertically with the 
case vent at the top. This, of course, will prevent leakage of 
the glycerin from the gauge housing. Second, glycerin has the 
tendency to “yellow” when exposed to direct sunlight. This 
can make the pressure scale difficult to read. 


THE MULTI-CIRCUIT GAUGE 
ISOLATOR 


The multi-circuit gauge isolator is a convenience item which 
allows the operator to check the operating pressure at as 
many as six points in the circuit directly at the control con- 
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Hand Knob §: Gauge Drain 


Multi-Circuit Gauge Isolator 


sole. As shown in the cross-sectional illustration, the multi- 
circuit gauge isolator consists of six radially arranged gauge 
ports, a tank connection, and a separate master gauge port 
(not shown). 


The rotary hand knob turns the valving mechanism, and, 
when properly positioned, it connects one of the six gauge 
ports to the pressure gauge. Between each of the six radially 
arranged gauge ports, there is a gauge drain passage (shown 
in blue) which vents the gauge to a common tank port. As 
shown in the photograph, the rotary hand knob has a pointer 
and a scale which indicate which pressure connection is 
being read. The zeros indicate that the gauge is isolated from 
the circuit. 


MODULAR MANIFOLDS 





Because of the complexity of today’s hydraulic systems, 
many hydraulic equipment suppliers have sought new ways 
of piping the many valves needed for such sophisticated cir- 
cuitry. Within the past several years, the modular manifold 
has become the logical answer for piping the multitude of 
valves needed in today’s complicated circuits. Consequently, 
modular manifolds are growing in popularity, not only to 
OEM's, but also to the end user market. 


There are many reasons for this increased interest in 
modular manifold units. One advantage for OEM’s is that the 
units can be received from the factory ready to install on their 
equipment, thus greatly reducing costly labor involved in 
piping. Furthermore, their final piece of machinery is neat in 
appearance and easy to service, since hundreds of feet of 
pipe have been eliminated. It no longer looks like a plumber’s 
nightmare. Likewise, the end user can cut costs and give his 
equipment a finished look, while retaining the flexibility for 
future re-design or disassemblement and re-use of the 
modular manifolds in other designs. The information which 
follows is intended to show the general processes to be 
followed in building a modular unit in the most economical 
way. If your interest is aroused by modular manifolds, you 
need only let this information kindle your imagination, for the 


combinations available from the items now on the market 
are unlimited. 


In a general sense, a modular manifold is made up of 
modules, pieces of standard size, which are fitted together in 
a variety of ways to comprise the desired manifold. That is, 
the modular subplate is manufactured in such a way that the 
subplate of one control valve can be combined in the 
manifold with the subplate of any other control valve. For 
complete versatility, such subplates are manufactured for 
any one of the multitude of valves needed in today’s 
sophisticated circuits. 


A modular subplate for a 4-way directional control valve is a 
good example to use to further explain the modular method 
for reduction of interconnecting piping. Basically, a modular 
subplate consists of a valve mounting face, external con- 
nections for A & B Ports, and a series of standardized 
through ports which allow any combination of connections 
with other control valves. A typical modular subplate for a 
directional control valve may be described as one with a 
standard ANSI/NFPA mounting face for the valve, three 
pipe tap plugs on the opposite side to allow for pressure con- 
nection for the entire system, connections for the A & B 
Ports as required, with five through ports to interconnect the 
4-way valve with other valves in the manifold. In a usual 
modular manifold system, external piping is reduced by 
reserving the center passage for system pressure and the two 
inner passages to connect the A & B Ports with other parts 
of the system, thus reserving the two outer most passages 
for tank connections, external pilots, or diverted oil flows 
from other passages in the manifold. 





Modular Subplate for ANSI DO2 
Directional Valve 


Although subplates of all control valves are designed for their 
most probable usage, (for instance a pressure reducing valve 
would be connected to the pressure passage in the center 
and the “A” passage to one side), it sometimes becomes 
necessary to change the flow from one passage to another. 
This can be accomplished by the use of an interconnecting 


10-9 


plate, which is bolted. between the subplates of two different 
valves. Interconnecting plates are designed so that any num- 
ber of ports can be connected or diverted into another 
passage. Likewise, interconnecting plates are usually sup- 
plied with plugged piped ports on the back side so that 
hydraulic oil can be diverted into or out of any one or more of 
the passages within the modular system. Consequently, in- 
terconnecting plates combined with divider plates, greatly 
add to the versatility of the modular manifold. 


End plates, the finishing touch to a modular system, mount 
against the two end subplates of the module, needing only 
O-rings for an oil tight seal. Like inter-connecting plates, end 
plates add to the versatility of the modular manifold since 
they are available with pipe connections for oil passages 
within the manifold. Being the last component ofa modular 
system, end plates not only terminate internal oil passage, 
but they are also drilled to allow mounting of the complete 
system to the machinery. 





Interconnecting Plate 


Divider plates serve two purposes within a modular manifold 
system. Available in many different patterns, a divider plate 
is basically a flat piece of steel which is either drilled to allow 
the flow to continue from one subplate to another, or not 
drilled to block the flow of oil. Apart from controlling flow 
within the modular manifold, divider plates have a second 
function. That is, divider plates are used as O-ring seats, 
allowing a leak proof connection between the modular sub- 
plates. Therefore, divider plates are normally a necessity in 
making connection within the modular manifold. However, 
they are not required when mounting the “end plates.” 





Divider Plates 
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End Plate 


In review, we now have modular subplates for use with 
almost any hydraulic control valve, each having standardized 
oil passages which allow the valves to be connected in an un- 
determined number of ways. Moreover, we have further 
methods of controlling the direction of oil flow with in- 
terconnecting and dividing plates, and with end plates to 
finish the unit and allow us to mount the entire system. 


BUILDING THE MODULAR MANIFOLD 


In order to have a common basis, we must discuss the 
special modular symbols used in conjunction with the 
ANSI/NFPA standard symbols for describing segments of a 
module unit. Basically, all the valving of a modular manifold 
system is depicted by standard symbols. However, to 
describe oil passages and connections within the manifold,a 
special set of symbols becomes necessary. Usually, a sub- 
plate is denoted by horizontal lines showing the internal oil 
passages, as viewed from the valve mounting face. Likewise, 
all pipe ports on the back of manifold segments, along with 
other connections, are viewed from the valve mounting face 
as described in the following table. 


Since module subplates of a particular type of valve are quite 
similar, combinations of NFPA symbols and special modular 
symbols form what can be called a group symbol. 






Main oil passages 


Pilot oil passages 


Drain oil passages 


Connection porting to 
the valve mounting 
face of a subplate 









Connection porting in 
an inter-connecting 
plate 





Open threaded port on 
line connection side 









Connection to 

valve and 

plugged pipe 

connection 
Valve mounting 
face 


Plugged 


valve only threaded port 


Connection to valve 
and open threaded port Mounting face 
for further 
Line connection face module plates 


Group Symbol 










Plugged threaded port 
on line connection side 






Connection porting to 
the valve mounting 
face, and plugged 
threaded port on the 
line connection side 








Connection porting to 
the valve mounting 
face, and open 
threaded port on the 
line connection side 












Passage between two 
adjoining sub-plates or 
inter-connecting plates 
blocked , using 

“blank” dividing plate 











Passage between two 
adjoining sub-plates or 
inter-connecting plates 
continued, using 

drilled dividing plate 







Passage between sub- 
plate and valve 
blocked 


SS 


Valve port letters are given on the dividing line between the 
valve and the module subplate. Consequently, the special 
module symbols, along with standard NFPA valve symbols, 
must be kept in mind as we design a module circuit. 


In order to design a module unit economically, and to avoid 
confusion, you should first draw a working conventional cir- 
cuit. For purposes of this discussion, we have chosen a two 
legged circuit. The circuit, which operates from one pump, 
operates two cylinders which are controlled by two direc- 
tional control valves. One leg of the circuit contains a 
pressure compensated flow control for meter out speed con- 
trol. of the cylinder, while the other leg of the circuit has a fine 
throttle valve and a pressure reducing valve for speed and 
pressure control of the cylinder. The entire system is pro- 
tected by a pressure relief valve. The installation of a 
modular manifold can eliminate virtually all interconnecting 
piping in this circuit, reducing construction costs and giving a 
neater appearance. 


Because modular manifold systems offer complete ver- 
satility, the designer should first draw a conventional circuit, 
then consider the many possibilities, and, finally, conceive 
the module from the best of his ideas. Indeed, planning 
ahead at this early stage will prove to be of economic value in 
the actual assembly of the modular manifold. 
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Conventional Circuit Schematic 


Since the module unit we are to design has two separate cir- 
cuits with a relief valve common to both legs, it is probably 
most advantageous to start our module with the subplate of 
the relief. Therefore, the first decision is to make a pump 
connection to the center (pressure) passage of the relief 
valved module subplate. Having chosen this common start- 
ing point, you must remember that there are now two ports 
in use, pressure (center) and tank (outside). 





Pressure Relief Valve Module 


At this time, a decision should be made to work one leg of 
the circuit, saving the second leg for later on. To avoid con- 
fusion, we have chosen the left leg of the conventional cir- 
cuit, electing to finish the leg with the 4-way directional con- 
trol and the pressure compensated flow control first. The 
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other leg of the circuit will be connected to the remaining side 
of the pressure relief subplate at a later time. 


Having made this decision, we must consider the use of a 
dividing plate before connecting the directional control valve 
module subplate to the unit. The divider plate is necessary 
not only to make a positive O’ring seal between the two sub- 
plates, but also to allow only the needed passages to be 


open. 


DIVIDER PLATE — 





Directional Control Module 


Since the left leg of the circuit will receive pressure from the 
center passage and utilize an outside passage for a tank con- 
nection, the remaining ports should be blocked, thus 
isolating them for future use if necessary. Consequently, the 
subplate for the directional control valve may now be bolted 
with O’rings and the divider plate to the subplate of the relief 
valve. No interconnecting plates are required since the center 
passage of the directional control is connected to the 
pressure port of the valve. It should be noted, at this point, 
that the subplate of the directional valve is turned end for end 
(another versatile feature of the module system), so that the 
tank port of the directional control valve is isolated from that 
of the relief valve, since this line must be directed through a 
pressure compensated flow control (the next valve to be 
mounted). Having connected this valve as described, an ac- 
count of our oil passages shows that there are external con- 
nections for A & B ports on the back side of the subplate, 
and two tank line passages. That is: the tank line from the 
relief passes undisturbed through the subplate, and the tank 
line from the directional control which is to be connected to 
the flow control. 


Once again taking account of all oil passages we must 
choose a suitable dividing plate. In this situation, we would 
choose a dividing plate which would allow the two outside 
(tank) lines to flow into the next module component, 
blocking off the three center passages, since the pressure 
passage (center) must only be connected to the directional 
control, while the A & B connections (inner passages) must 
be externally connected to the cylinder. 


A close look at the subplate for the pressure compensated 
flow control will show that the A & B ports of this valve are 
connected to passages other than those which have been 
established so far. Since the A port of the flow control is con- 
nected to the center passage, while the B port is connected 
to one of the inner passages, we must choose the correct in- 
terconnecting plate. This plate would be one which diverts 
one of the outermost passages to the center passage, and 
also diverts the other outside passage to one inside. It is 
shown in the following diagram. 


Flow Control Val Valve | 
+ 


Rer INTERCONNECTING PLATE 





Interconnecting Plate & Flow Control Module 


In review, oil flows from the tank port of the directional con- 
trol valve to the outside passage in the subplate. The flow of 
oil then passes through the inter-connecting plate, being 
switched into the center passage of the flow control sub- 
plate. The oil, which is routed through the valve, exits 
through the B port (inner passage) and again enters the in- 
terconnecting plate, where it is diverted to the tank line 
passage. Consequently, this leg, with the addition of an end 
plate which blocks off all passages, is now complete. Thus, a 
divider plate with a center and one inner passage open is all 
that is needed to bolt the pressure compensated flow control 
to the unit. A pipe connection is provided on the back side of 
the interconnecting plate for an external connection to the 
tank. 


END nwr J 


|| Pressure Relief Valve | 


Having finished the left leg of the module circuit on one side 
of the pressure relief valve, we can now complete the 
modular manifold by isolating the right leg on the opposite 
side. A review of the conventional circuit will show that 





system pressure enters a 4-way directional control which has 
its A port connected directly to the cylinder, while the 
pressure from the B port is controlled by a pressure reducing 
valve. The speed of the cylinder is controlled by metering the 
oil from the directional valve’s tank port through a fine 
throttle (needle) valve. Knowing the particular control. valves 
needed, we can now build the final leg of the circuit. 


Since system pressure first enters the directional control 
valve through the center passage, we must choose a suitable 
dividing plate. Because the tank line is already externally 
connected, we should connect this passage with the left leg 
of the module. Accordingly, the correct choice of an in- 
terconnecting plate would be one with center (pressure) and 
one of the outermost passages (tank) open. 


After adding the four way directional control valve to the 
module manifold, we must now consider the following 
passages. First of all, the A port of the valve enters one of 
the inner passages, which must be blocked on both ends 
because this port is externally connected to the cylinder. 
Secondly, the pressure passage must be blocked from any 
additional valving, since system pressure will be distributed 
by the directional control, thus terminating the pressure 
passage in this subplate. Furthermore, as with the module 
subplate of the left leg, this one is also rotated 180°, thus 
isolating the tank line passage of the 4-way valve so that the 
control of flow through the existing system tank line passage 
will be directed, undisturbed, through the subplate for future 
use with additional valves. Consequently, we must choose a 
divider plate which will block only the A (inner) and pressure 
(center) passages, allowing the others to flow into the ad- 
ditional valves in the system. 


DIVIDER PLATE 


TO A CYLINDER PORT 


| su ay ie: Directional Contr central vaa | 


DIVIDER PLATE 





Directional Control Valve Module 


There are now only two remaining valves to be added to the 
system to complete our module unit. Accordingly, it is most 
suitable to add the fine throttle valve next, as we did the flow 
control in the left leg, since the external pilot drain con- 
nection needed for the pressure reducing valve (final valve) 
can be made easily through the end plate. 


Having added the fine throttle valve, we can readily see the 
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need for an interconnecting plate to connect the existing 
passages with the correct ones in the subplate of the fine 
throttle valve. Since the A port of the fine throttle valve is 
connected with an inner passage, while the B port is con- 
nected to the center passage, the isolated tank line of the 
4-way valve must be diverted to an inner passage. Likewise, 
the existing system tank line must be directed into the center 
passage to be connected to the fine throttle valve. The B port 
of the directional control valve is connected with a passage 
that will flow through the interconnecting plate and the sub- 
plate of the fine throttle valve undisturbed. The addition of 
the fine throttle valve along with the correct interconnecting 
and dividing plate is shown as follows. 





Fine Throttle Valve Module 


To complete the system only the B port passage from the 
4-way directional control must be controlled by the pressure 
reducing valve. Since the inner passage from the 4-way valve 
allows oil to flow into the correct passage (P connection) of 
the pressure reducing valve subplate, a divider plate must be 
chosen to block all passages allowing only an inner passage 
open for the straight line flow of oil from the B Port of the 
directional valve. The valve with the correct dividing plate is 
connected as shown, with an external pipe connection to the 
B port of the cylinder made on the back side of the modular 
assembly. 


Fine Throttle | 


1 | 





Pressure Reducing Valve Module 


The modular manifold is now complete, using only the num- 
ber of pipe runs necessary to make connections to the cylin- 
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ders, pump, and reservoir. The modular conversion requires 
some careful planning, but in the long run, the time the 
engineer spends at this will be far less than the assembly 
time required to pipe the components individually. The 
actual hardware of the module as described is shown in the 
two photographs. The compactness of this design is readily 
apparent considering the fact that 6 valves are mounted ona 
manifold which is just slightly over two feet in length. The 
back side of the modular unit shows the pipe connects to the 


remote parts of this hydraulic system. 





Module Unit as Described in the Text 





Back Side of Module Shows Pipe Connections 


Modular manifolds not only reduce piping and provide an- 
swers to design problems, but they also serve as a form of 
preventive maintenance. That is, any complex hydraulic unit 
that is to be piped by the conventional method not only 
requires an undesirable amount of assembly time, but it also 
creates hidden problems as the number of pipes and fittings 
increases. All too often it is found that a valve entangled in a 
cage of pipes is virtually inaccessible when the time comes 
for service or replacement. This is not true with a modular 
manifold, since all piping is done from the back of the unit, 
placing all the valves within easy access of the repairmen. 
Another advantage which results from the reduction of 







Gas charged accumulator 





Filter or suction strainer 


Filter with built-in by-pass check valve 






Filter with mechanical indicator and by-pass 
valve 


Filter with electrical indicator and by-pass valve 


Filter with pressure gauge indicator and by-pass 
valve 
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Pressure filter with pressure differential 
mechanical indicator and by-pass valve 





Air/oil heat exchanger 


Water/oil heat exchanger 


Immersion heater 








Flow meter 


Thermometer 





CONCLUSION 


This chapter has been devoted to a study of the more 
popular accessory items which are available for use with in- 
dustrial hydraulic systems. These items included pressure 
switches, pressure gauges, gauge protectors, modular 
manifolds, accumulators and filters. Although these different 
product groups have very little in common on a functional 
basis, they all play an important role in proper operation, 
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easier maintenance and trouble free life of the hydraulic 
system. 


In consideration of pressure switches we have attempted to 
relate the operational characteristics of the different designs 
(piston and Bourdon tube) to the intended application. We 
have also compared operation of the Bourdon tube pressure 
switch with that of the pressure gauge and have indicated 
some of the installation precautions common to these two 
devices. 


Second, it is of the utmost importance that the designer size 
the filter so that it will operate correctly during cold start-up 
when the fluid is at its highest viscosity (Chapter 1). Since 
the oil must pass through microscopic pores in the filtering 
media, it is easy to understand why the filter is more suscep- 
table to high pressure drops during cold start-up than is any 
other system component. A filter element which collapses 
and ruptures, or a by-pass valve which opens during cold 
start-up, provides little protection for the system. This 

‘ pressure drop information for viscous fluids is not generally 
published and must be requested from the filter manufac- 
turer. 


FILTER MAINTENANCE 


The best filter in the best possible location, will not be able to 
perform its required function if it is not maintained properly. 
Unfortunately, there is no rule of thumb, for recommending a 
time interval for filter inspection and/or element replacement. 
Therefore, it is the responsibility of maintenance personnel 
to develop a maintenance schedule, and then follow the 
schedule faithfully. Guidelines in establishing this schedule 
are given in the chart. 


Inspection of the Filter’s Condition 
— Hourly during initial start-up 
— Daily during first week of operation 


— Weekly when daily inspection is found to be 
unnecessary. 


— Monthly after the first 100 hours of operation 


CLOGGING INDICATORS 











When checking the condition of a filter, do not rely solely on 
the clogging indicator if the filter is so equipped. A clogging 
indicator gives a visual or electrical indication of the pressure 
differential required to force a fluid flow through the filtering 
media. For example, with return line filters we can assume 
the pressure at the filter’s outlet is zero (atmospheric). 
Therefore, with this type of filter, the indicator is simply a 
pressure gauge or pressure switch which senses the pressure 
at the filter’s inlet. Visual indicators may be calibrated in PSI, 
however, they are more often color coded to indicate the 
filter’s condition. For example, green indicates the filter is 
clean, yellow indicates the filter is clogging but satisfactory 
for continued use, and red indicates servicing is needed im- 
mediately. The problem encountered when relying solely on 
the indicator is that the devise has no way of determining if 
the element is clean, or whether the element has ruptured. 
For this reason we suggest that the element be removed and 
visually inspected on a regular basis. 


It is important to note that the aforementioned inspection ap- 
plies to all filter types. The clogging indicator for a pressure 
filter operates slightly differently since it must sense the 
pressure drop across the element. As shown in the cross sec- 
tion it does this by subtracting the effects of the outlet 
pressure from that at the inlet. However, if the element rup- 
tures, the indicator will sense a low pressure differential and 
give the indication that the element is clean. 
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SYMBOLS 


As shown in the following chart, accessory items can be 
represented in symbol form to aid in circuit design. You will 
notice that the chart does not list the symbols for modular 
manifolds since this topic was described adequately in the 
text. We have also included symbols for some other ac- 
cessory items which were not covered in this chapter. 
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Description 








Pressure switch with fixed pressure differential 





Pressure switch with fixed pressure differential 
and leakage port 






Pressure switch with adjustable pressure dif- 
ferential 






Pressure gauge 





Pressure gauge with snubber 





Pressure gauge with gauge isolator valve 







Pressure gauge with gauge shut off (needle valve) 


12 3 
Ef © | T Multi-circuit gauge isolator valve 
4 5 6 





collapse pressure rating of the element. The fact is, that 
pressure at the filter's inlet is governed. by the pressure set- 
ting of the main relief valve while pressure at the filter’s outlet 
is determined solely by the load conditions. With little or no 
load induced pressure, it is possible to develop a con- 
siderable pressure drop across the element. This is par- 
ticularly true during cold start-ups or for elements which have 
been in service for some time and have many pores plugged 
with contamination. Unless the element can withstand this 
high pressure differential, it is susceptible to rupture. Of 
course, if this is allowed to happen the filter immediately 
dumps a high concentration of contamination directly into 
the component it was supposed to protect. 


A common practice used to prevent an element from rup- 
turing is the use of a by-pass check valve in the head of the 
filter. As the filter becomes more and more clogged with con- 
tamination the pressure drop across the element increases 
until the cracking pressure of the by-pass check valve (Chap- 
ter 4) is reached. Once the by-pass opens, oil passes directly 
through the filter head, without being filtered. Unfortunately, 
if the filter is allowed to continue operating in the by-pass 
condition, it no longer provides the intended protection for 
the system or system components. 


Today, fail-safe filtration is possible because filter elements 
are now available that can withstand full system pressure 
without collapsing. This type of element allows the media to 
become so clogged with contamination that the fitter will 
cause a flow control function before the element will rupture. 
This means contamination will not be able to pass into the 
critical parts of the system. The system has fail-safe filtration 
because without a by-pass, the end actuator will stall due to 
the lack of oil rather than damage the filter element. 


RETURN LINE FILTERS 





Return Line Filters 
(Courtesy of The Hycon Corp.) 
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This basket prevents the collected contaminants 
from entering the reservoir when the element is 
removed. 


Return Line Filter 
(Courtesy of The Hycon Corp.) 


Retum line filtration is based on the assumption that a clean 
hydraulic system will remain clean if the contamination is 
filtered out of the fluid soon after it is ingested or created by 
the system. If the reservoir is properly designed and 
gasketed, return line filtration is the ideal choice for the 
majority of standard hydraulic systems. 


ADVANTAGES 


By locating a filter in the return line connection to the reser- 
voir we can take advantage of three ideal conditions. First, 
there is sufficient pressure available to force an oil flow 
through a fine filtering media. This not only allows micronic 
filtration (typically 10 microns) but provides favorable life ex- 
pectancy for the filtering elements. Although pressure is 
available, it is not high enough to complicate the design of 
the filter housing or element. The second advantage then, is 
that a high degree of filtering efficiency can be achieved with 
a less expensive element design. Since return line elements 
do not require high collapse pressure ratings, retum line 
filtration is far more economical than is pressure filtration. 
The third advantage is related to the fact that a properly 
designed system has relatively low return line flow velocities. 
Such a flow allows efficient filtering since collected con- 
taminants are not disturbed. 
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DISADVANTAGES 


A disadvantage of return line filtration is that if con- 
tamination exists in the reservoir, then it must pass through 
every system component before being removed by the filter. 
Second, some components cannot withstand the varying, 
flow related, back pressure created by the retum line filter. 
Case drain lines on pumps and motors, for instance, must be 
connected directly to the reservoir without passing through 
the filter. This allows a percentage of the flow to return to the 
reservoir without being filtered. Also, return line filtration has 
limited application possibilities in systems which must be 
decompressed (Chapter 4) rapidly. 


APPLICATION NOTES ON RETURN LINE 
FILTRATION 


Return line filtration is a logical solution to contamination 
related problems, only if we make the assumption that the 
reservoir, and the oil it contains, is clean. Of course, this is 
possible only if proper maintenance procedures are adhered 
to. Such procedures should include: 


— Filling the reservoir only with properly filtered oil (newly 
refined oil is not clean by hydraulic standards). 

— Whenever a component is temporarily removed from the 
system, the opening(s) should be covered or capped 
with plastic plugs. Remember, most harmful contamina- 
tion cannot be seen. 

— Before removing a component, thoroughly clean the im- 
mediate area with a degreasing solvent. 

— Do not run the system without the return line filter 
element in place. 

— Be sure all gaskets on suction and return line flanges, and 
access covers are properly fitted. 

— Never weld on the reservoir or plumbing if the system is 
in service. 


Another consideration when electing to use return line 
filtration is the important role the filler/breather cap plays in 
keeping ambient dirt out of the fluid. Unfortunately, many of 
the filler/breather caps available do not provide adequate 
filtration of the air drawn into the reservoir. Ideally, the 
filtration rate of the filler/breather should be identical to that 
of the return line filter. This can only be accomplished by 
specifying a high quality filler/breather for the reservoir. 
Likewise, the filler cap should be maintained on a regular 
basis. 


Finally, when considering a retum line filter, remember the 
retum line flow rate can be higher than the flow produced by 
the pump. If, for example, a cylinder with a 2:1 area ratio is 
being used, we must consider the flow intensification this 
type of actuator creates. When sizing the filter, the 
maximum return flow valve must be used even if this flow 
rate exists only for a small portion of the total cycle. 
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Filler/Breather with Micronic Filtration 
(Courtesy of The Hycon Corp.) 


SELECTION OF THE PROPER 
FILTER SIZE 


Independant of the type of application and the location of the 
filter, we must size this component so that it will be capable 
of handling the maximum flow potential with a relatively low 
pressure drop. In addition, it is important to keep in mind the 
fact that the pressure drop through the filter will increase as 
the element becomes more and more clogged with con- 
tamination. For this reason, it is important to select a filter 
which has a negligible pressure drop when passing the 
required flow rate through a clean element. 


Locating the filter in your hydraulic system requires a clear 
understanding of all factors. Let us now consider the ad- 
vantages and disadvantages of suction, pressure and 
return line filtration. 


SUCTION FILTRATION 


Suction filtration is achieved by locating a filtering media 
between the reservoir and the hydraulic pump. The most 
common practice involves immersing a “suction strainer” 
in the hydraulic reservoir which is threaded onto the end 
of the suction line. Generally, the strainer is oriented 
horizontally, well below the minimum oil level in the reser- 
voir. It is also good practice to orient the suction strainer a 
minimum of three inches from the bottom of the reservoir 
to avoid the possibility of picking up contamination which 
has settled out of the hydraulic fluid. A typical suction 
strainer is shown in the illustration. 





Threaded 
Connection | 


Filtering 
Media 





Typical Suction Strainer 
(Courtesy of The Hycon Corp.) 


ADVANTAGES 


The suction strainer, from a filtration standpoint, places 
the filtering media in an ideal location. Both fluid velocity 
and pressure differential across the element are, out of 
necessity, extremely low at this point. This increases the 
filter’s efficiency since high fluid velocities are not present 
to disturb the collected particles, and there is very little 
pressure force to cause particle migration through the 
media. Also, the filter is in an ideal location for preventing 
contamination within the reservoir from entering the 
system where it can cause damage to critical clearances in 
pumps, valves and actuators. 


DISADVANTAGES 


The advantages of suction filtration are strongly out- 
weighed by the disadvantage of the pressure drop created 
by the element. We have shown in Chapter 1 the extreme 
precautions which must be observed when determining 
the suction conditions for the hydraulic pump. Any 
benefit the suction filter offers by keeping contamination 
out of the pump, is offset by the possibility of damaging 
the pump because of cavitation. The low pressure dif- 
ferential, which may be sufficient to push oil through a 
clean element, is not always adequate to supply the 
required flow when the element becomes partially 
clogged. To provide an adequate service life, the suction 
filter must be grossly oversized and maintained on a more 
frequent basis. 


Another major disadvantage of the suction strainer is that 
it is located inside the oil reservoir which makes it in- 
convenient to service. It is for this reason many suction 
strainers in industrial hydraulic systems go unserviced un- 
til they starve the pump and cause cavitation damage. 


Due to these disadvantages, a fine degree of filtration at 
the inlet of the pump is specifically not recommended. It is 
possible to install a course filtering media at this location 
simply to prevent large objects, (nuts, bolts, etc.) from 
causing catastrophic pump failure. However, even this 
type of filtration requires definite precautions. 


When electing to use a suction strainer it is advisable to 
select the most coarse mesh available. We recommend 
nothing finer than 100 mesh or preferably 60 mesh 
screen. This strainer should be adequately oversized so 
that the pressure versus flow characteristics are 
negligable. Second, the suction strainer should be 
provided with a safety by-pass check valve. It is important 
to check the pressure override characteristics of this 
bypass check valve. This valve must be able to pass the 
full flow without causing a pressure differential that ex- 
ceeds the vacuum capabilities of the pump. Also, a 
vacuum gauge should be located at the pump’s inlet port 
so that the vacuum conditions can be continuously 
monitored during operation. This, of course, indicates the 
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condition of the suction strainer. One final recom- 
mendation is that the suction strainer should be made as 
easy to service as possible. This can be accomplished by 
locating a gasketed access cover on the top plate of the 
reservoir, directly above the suction strainer. This allows 
removal of the strainer without draining oil from the reser- 
voir. The cover should be clearly labeled as to its purpose. 
One last precaution is that the element should be con- 
tained in a plastic bag before it is removed from the suc- 
tion line. This prevents the collected contamination from 
falling into the reservoir when the element is removed. 


PRESSURE FILTERS 





Typical Pressure Filters 
(Courtesy of The Hycon Corp.) 


A pressure filter is nothing more than a filter element con- 
tained in a housing which can withstand full system 
pressure. Generally speaking, a pressure filter can be 
located in any of the pressure lines downstream of the 
pump. It provides maximum protection for the component 
located directly downstream of the filter’s outlet. Pressure 
filters are commonly used to protect high precision equip- 
ment such as electronic servo valves and piston type 
hydraulic motors. A typical filter is shown in the cross- 
sectional illustration. 


ADVANTAGES 


Probably the most favorable aspect of a pressure filter is 
that it can operate with very find filtration rates (1 micron 
nominal) and still have an acceptable life expectancy for 
the element. This is due to the fact that there is ample 
pressure available to force an oil flow through the minute 
passages in the filtering media. 
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Pressure Filter Cross Section 
(Courtesy of The Hycon Corp.) 


DISADVANTAGES 


The major disadvantage of pressure filtration is that both 
the housing and the element itself must be designed to 
withstand not only high system pressure but also the 
pressure spikes which occur during operation. To meet 
such pressure requirements the filter is somewhat more 
expensive both in initial cost and future element 
replacement. This is why pressure filtration is normally 
reserved for servo systems and other components which 
have a low dirt tolerance. A pressure filter can, however, 
be used in any system which requires a high degree of 
reliability, or where extended life expectancy of standard 
components is desired. 


A technical disadvantage of pressure filtration is that 
pressure transients and high flow velocities tend to con- 
tinually disturb the contaminants which are collected by 
the filtering media. The high pressure forces and the con- 
tinuous motion of particles allow more contaminants to 
pass through the filtering media than would be common 
with other types of filtration. This, of course, has a ten- 
dancy to reduce the efficiency of the filtering media. 


APPLICATION NOTES FOR PRESSURE 
FILTERS 


The most important criteria when selecting a pressure filter 
for your application is the operating system pressure and the 


THE FILTERING MEDIA 


The purpose of a filter is to remove contaminants from the 
hydraulic system. This is achieved by forcing the hydraulic 
fluid to pass through a filtering media. The filtering media is 
made of a porous substance which allows oil to pass through 
microscopic openings, but catches the dirt particles which 
are larger than the pores. In principle the operation of a filter 
is similar to a screen on a window. The screen allows air to 
enter but it filters out insects which are larger than the 
openings in the screen. 


Today filter elements are constructed with various types of 
filtering medias. These include porous paper, wire cloth, 
nylon cloth, sintered (bonded by a heating process) metal 
fiber and polyester fleece. These filtering medias are pleated 
and encased to form a filter element. The type of filtering 
medias can be broken down into two general classifications; 
surface type and depth type elements. Let us now take a 
closer look at these two media types. 





Typical Filter Elements 
(Pleating increases surface area of the media) 


(Courtesy of The Hycon Corp.) 


SURFACE TYPE FILTERS 


A surface filter, as the name implies, filters the hydraulic fluid 
by collecting the contaminants on the surface of the filtering 
media. The filtering media is a single layer of precisely woven 
strands of either stainless steel wire or nylon filament. The 
pore size of these elements is determined by the diameter of 
the individual strands and the number of strands woven into 
each inch of the material. A 100 mesh element, for instance, 
has 100 strands per inch (length and width) of the filtering 
media. This means that one square inch of this material 
would have approximately 10,000 square openings. Each of 
the square openings in a 100 mesh element, has a length and 
width dimension of 149 microns. Some of the other mesh 
numbers commonly used in hydraulic systems are listed in 
the chart. 





Surface Type Filtering Principle 


Opening Size (Microns) 


Mesh No. 














100 Mesh Opening Size 


The advantage of the relatively expensive weaving process 
used in the construction of a surface type filtering media, is 
the precision control over the pore size in the final product. 
For this reason surface type filters are normally given an ab- 
solute rating. An absolute rating of 149 microns, for in- 
stance, means none of the holes in the filtering media will be 
larger than 149 microns. An absolute rating does not mean 
that the filter absolutely will not pass particles larger than its 


largest pore. 
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There are several reasons why particles larger than the ab- 
solute rating can migrate through the filtering media. First, 
the openings formed by the weaving process are not per- 
fectly rigid. If, for example, a 160 micron particle were to be 
lodged in the center of a 149 micron opening, the pressure 
differential from inlet to outlet of the filter could create 
enough force on the particle to deform the previously square 
opening, allowing this particle to pass through the media. 
Second, the contaminant itself may not be perfectly rigid. 
The force due to the pressure differential can easily extrude 
O-ring fragments, and other similar substances, through the 
smaller openings. Finally, we must consider the fact that all 
particles are not perfectly dimensioned. A steel splinter, for 
example may be many times larger in length than the ab- 
solute rating of the filtering media. However, this same splin- 
ter can also be so narrow that it can penetrate the filtering 
media without even touching the wire mesh. It is then free to 
pass through the system, causing damage because of its 
larger dimension. 


DEPTH TYPE FILTERING MEDIA 


Hy ee 





Depth Type Filtering Principle 


Today most filter elements below the 40 micron rating use a 
depth type filtering media. This media captures the con- 
taminants within the media structure by causing the oil to 
flow through a maze of passages. The filtering media is com- 
posed of a relatively thick mat of stainless steel wire, paper 
fibers or synthetic fibers arranged in a random pattern. The 
fibers are then bonded to each other to form a highly porous 
media. Generally speaking, the pore size is regulated by con- 
trolling the compaction of the fibers prior to the bonding 
process. However, since the individual pore sizes cannot be 
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as accurately controlled as they are in the weaving process 
for surface filtering medias, depth filters are normally given a 
nominal rating. A nominal rating of 10 microns simply 
means that the largest percentage of the pores in the element 
has a dimension of 10 microns or less. Such an element will 
remove most of the particles 10 microns or larger, while at 
the same time allowing a few of these larger particles to pass 
through. On the other hand, it will also remove many par- 
ticles smaller than 10 microns. Today depth type elements 
are readily available with nominal ratings in the range of 1 to 
25 microns, with the most common being the 10 micron 
element. 


The depth filter offers two major advantages. First, the 
element has a higher dirt retention capability because it cap- 
tures particles in a volume of filtering media, rather than on a 
surface area. Generally, this results in depth elements having 
a longer service life. The second major advantage offered by 
depth filtration is that these elements, when bonded cor- 
rectly, are mechanically stronger. They can withstand a 
higher pressure differential before they collapse or rupture. 
This also increases the service life since full flow can be for- 
ced through a partially clogged element, as long as the 
pressure differential is high enough. For the most part, the 
construction material determines the maximum pressure dif- 
ferential the element can withstand. The chart indicates the 
maximum practical pressure differential for various filtering 


medias. 
Maximum Pressure 


Differential 
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FILTER LOCATION IN THE 
HYDRAULIC SYSTEM 


There are two ways to approach the problem as to where the 
filter should be located in the hydraulic system. The first 
avenue of thinking is based on the assumption that dirt is 
constantly being generated and ingested by the hydraulic 
system. By placing a filter downstream of the source we can 
keep the entire system clean, or at least within acceptable 
limits of cleanliness. The second way to approach the 
problem is based on the assumption that contamination is 
always present in the hydraulic system. If we make this 
assumption, then the logical place for the filter’s location is 
before the oil enters the critical component or components. 
In this way the filter acts as a barier between the damaging 
contamination and the precision component (s). 


Fluid Power (ANSI B93.2-1971) as published by The NFPA, 
(The National Fluid Power Association, 3333 North Mayfair 
Road, Milwaukee, Wisconsin 53222) defines contaminant 
as, “. . . any material, or substance which is unwanted or ad- 
versely affects the fluid power system or components, or 
both.” 


The material or substance they define can have many 
origins. First, there are the huge amounts of dirt present in 
the hydraulic system when newly fabricated. When it is first 
started, a properly filtered system is probably the dirtiest it 
ever will be. The fact is that during the fabrication stage the 
reservoir is open for abuse. A newly fabricated reservoir, if 
not used immediately, often becomes the shops garbage can. 
During this time it collects cigarette butts, lunch bags, apple 
cores, soda cans, packing materials, and other large objects. 
These large objects, though, are usually not harmful to the 
system, since they will be removed prior to assembly and 
cleaning of the reservoir. The harmful dirt which is built into 
the system has much smaller dimensions. The new system, 
which looks clean, is actually contaminated by millions of in- 
visible contaminants. 


It is difficult, if not impossible, to remove the invisible con- 
taminants in a new system by washing with solvents and 
then wiping with rags. Likewise, after the assembly, much of 
the contamination becomes inaccessable to standard 
cleaning processes. Harmful, built-in contaminants include 
rust, paint chips, paint over-spray, shop dust, teflon tape and 
other sealing compounds, metal chips from bolt threads and 
pipe fittings, coring sand from cast housings, lint from 
“cleaning rags”, welding slag, etc. 


The second source of contamination is the dirty environment 
in which the system must operate. During normal operation, 
the oil level in the reservoir is constantly changing. For in- 
stance, during extension of a cylinder the oil level drops, and 
the reservoir inhales polluted dust and water vapor laden air 
from its surroundings. The dust mixes with the oil and enters 
the hydraulic system. After shutdown of the system, the 
moisture which has entered condenses on the walls of the 
reservoir as the system cools. This not only dilutes the oil but 
also causes formation of rust particles. Although most air is 
filtered by the breather element, some air is drawn into the 
reservoir through other openings. These openings include 
improperly fitted suction and return line flanges, shaft seals 
of pumps and motors, and rod seals of cylinder actuators. 


A third source for contamination is that generated by the 
system during normal operation. As the system operates fric- 
tion in pumps, valves, cylinders and motors causes normal 
wearing of the sliding surfaces. Likewise, high oil velocities 
can cause errosion of these metal surfaces. In either case, 
microscopic particles enter the system with an abrasive ef- 
fect. These particles in turn accelerate wear which further in- 
creases the contamination level in the system. 


Another source for contamination which is also generated 
during normal operation of the system is oil oxidation. This 
formation of solid carbon particles has been discussed in 
Chapter 7. 


THE EFFECTS OF CONTAMINATION 


Now that we have discussed some of the possible causes of 
contamination, it is important to understand the effect this 
contamination has on the hydraulic system. Basically, there 
are two types of failures that can be attributed to con- 
tamination in the system. They are degradation failure and 
catastrophic failure. Degradation failure is probably the most 
costly contamination-caused failure because it degrades the 
performance: characteristics of virtually every component in 
the system. During degradation failure of a component, the 
abrasiveness of minute particles causes accelerated wearing 
of the close tolerance, sealing surfaces. This increases in- 
ternal leakage and reduces the performance capability of the 
component. Unfortunately, degradation failure is a relatively 
slow process, which camouflages the loss of performance on 
a day to day basis. 


Degradation failure spreads throughout the hydraulic system 
like cancer, and is usually not detected until the damage is 
irreversible. Indications that degradation failure has occurred 
include sluggish system responses, loss of speed adjustment 
accuracy (Chapter 3), inability of the system to build full ton- 
nage, and/or overheating. To safequard against this type of 
premature failure, it is imperative that adequate filtration be 
provided for the system. 


Catastrophic failure, on the other hand, is the immediate 
failure of a system component. Although this type of failure 
is not always related to contamination, contaminants are the 
most probable cause. In catastrophic failure, large particles 
(usually visable contaminants) cause moving parts to jam or 
stick. With pumps the contaminants can gather in a location 
which blocks critical lubrication passages. Without proper 
lubrication, immediate failure is sure to follow. 


Finally, dirt can collect in orifices which supply oil to the pilot 
circuit of pilot operated relief valves, pressure compensated 
flow controls, and various variable displacement pump con- 
trols to name just a few. If, for example, we consider the pilot 
operated relief valve as discussed in Chapter 2, it is easy to 
see that if dirt plugs any one of the pilot supply orifices, oil 
can no longer enter the area above the main poppet. In this 
example, the relief valve would not build pressure since there 
would be no hydraulic force holding the main poppet closed. 
Although this type of malfunction is easily corrected by 
disassembling and cleaning, it should still be classified as 
catastrophic. Even though the component itself is not 
physically damaged, money is wasted because of downtime 
and loss of production. 


Considering the fact that contaminants cause failure, we 
must take positive steps to minimize the level of con- 
tamination in the hydraulic system. Common sense 
precautions will prevent many of the contaminants from en- 
tering the system, but there is no way to totally eliminate the 
source of contamination. So that we can keep the number of 
contaminants, and their size, within tolerable limits, we must 
provide the system with adequate filtration. 
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Particle 


In consideration of the number of contaminants there is an 
SAE standard which specifies seven levels of cleanliness. 
The classifications range from Class O, the cleanest, to Class 
6, the dirtiest. The levels of cleanliness, according to the 
SAE standard, are defined in the chart. 


A new drum of hydraulic oil, as received from the refinery, 
typically falls into Class 6. This means that new oil is not 
satisfactorily clean, for use in most hydraulic systems. To 
determine the level of cleanliness in your hydraulic system, 
oil companies and some hydraulic equipment suppliers 
provide an oil analysis service. As a guideline, we recom- 
mend that servo systems be provided with filtration sufficient 
to achieve Class 0 or Class 1 specifications. For hydraulic 
systems which must function dependably, or where ex- 
tended service life of the components is required, the level of 
cleanliness should fall in the Class 2 to Class 4 category. 
Finally, hydraulic systems which are used on an infrequent 
basis, or those which do not require an extreme level of 


Degree of Level of Cleanliness 
Filtration Generally Achieved 





10. Class 2 to Class 4 
20-25. Class 4to Class 5 
40u 
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Particle Count For 100 mL of Fluid 
Class Class Class Class Class Class Class 
0 1 2 3 4 5 6 









dependability, can operate with fluid in the Class 4 to Class 6 
range. 


To achieve a specific level of cleanliness, we must of course 
select the proper filtration for the system. Unfortunately, the 
degree of filtration required can only be estimated. The level 
of cleanliness must be then checked by taking test samples 
of fluid from the system. From experience we have found 
that the nominal filter rating as listed in the chart below nor- 
mally achieves the specified levels of cleanliness. 


Let us now look at the types of filtering medias available and 
some of the considerations which affect the performance of 
the filter. 






Application 






Servo System 





Hydraulic system with 
piston pumps, piston 
motors, flow controls, 
reducing valves. (Ex- 
tended service life for 
any type component) 


Hydraulic system with 
gear or vane pumps 


Hydraulic system with 
infrequent duty cycle, 
and non critical com- 
ponents 









NOTES ON PRECHARGING 


The most important point to remember is that an ac- 
cumulator should be precharged only with “oil pumped” or 
“dry” nitrogen. Never consider using compressed air or 
oxygen for precharging accumulator, since oxygen has a ten- 
dency to explode if mixed with oil under compression. 


Nitrogen is a commercially available bottled gas. A fully 
charged nitrogen bottle is normally supplied with an internal 
pressure of approximately 2500 PSI, which is usually 
adequate for precharging most accumulators. As with any 
pressure vessel designed for transporting high pressure 
gases, the shutoff valve on top of the bottle is protected with 
a metal cover which is threaded to the bottle. This cover 
protects the valve from being broken if the nitrogen bottle 
were to be inadvertantly dropped. It is important to remem- 
ber that this protective cover should never be removed 
unless the bottle is firmly supported. In addition, the cover 
should be immediately replaced upon completion of the 
precharging, and before attempting to move the bottle. 


In order to precharge the accumulator, it will be necessary to 
purchase an accumulator charging assembly from the ac- 
cumulator manufacturer. This assembly consists of a length 
of hose, a pressure gauge, a bleeder valve, a check valve, and 
the necessary fittings for connecting to both the accumulator 
gas valve and the nitrogen bottle. (The standard thread con- 
nection for an American nitrogen bottle is a 29/32-14 left 
hand thread gland nut). Although the procedure is different 
for different charging assemblies, a general procedure would 
be as follows: 

— Connect the charging assembly first to the nitrogen bot- 
tle and then to the accumulator, carefully making sure 
that all fittings are tightened. 

— Operate the mechanism of the charging assembly which 
opens the gas valve on the accumulator. 

— Begin inflating the accumulator by slowly opening and 
then closing the valve on the nitrogen bottle. Remember, 
the adiabatic expansion of the nitrogen as it is trans- 
ferred from the bottle to the accumulator will cause the 
gas to cool. 

— When the required precharge pressure has been 
reached, allow time for the temperature of the gas to 
equalize. Then check the pressure on the gauge. Bleed 
off any excess pressure and/or add nitrogen as required. 

— When satisfied with the isothermal precharge pressure, 
operate the mechanism to close the gas valve on the ac- 
cumulator. 

— Open bleeder valve to vent residual pressure from the 
hose and charging assembly. 

— Remove charging assembly from the gas valve on the ac- 
cumulator. 

— Check gas valve with soapy water for gas leak. 

— Remove charging assembly from nitrogen bottle, and 
replace protective covers on both the nitrogen bottle and 
the accumulator. 


Once the accumulator is put into operation, check the 
precharge when the system is at operating temperature. If 


10-26 


the accumulator was precharged at room temperature, and is 
then heated by the hydraulic system, the precharge pressure 
could become higher than desired. After putting the ac- 
cumulator into service, it is good practice to check its 
precharge pressure periodically. We recommend checking 
the precharge after one week of service. If no loss of 
precharge is indicated, the precharge should be checked on 
increasing time intervals of one month, six months, and then 
yearly. In order to prevent excessive wear of the gas valve 
and unnecessary loss of precharge pressure, do not con- 
tinuously (daily) check the precharge pressure by using the 
gas valve. 


FILTRATION 





1800 GPM Return Line Filter 
(Courtesy of The Hycon Corp.) 


There is nothing more frustrating than to see a well designed 
system, which uses the best hydraulic components, fail, 
simply because of dirt. Nevertheless, studies have shown 
that over 60% of all hydraulic systems down time can be at- 
tributed to untidy maintenance, and lack of proper filtration. 
In Chapter 5, we have discussed the micron and its relation- 
ship to the close tolerance manufacturing of the directional 
control valve. If we consider any of the other hydraulic 
systein components covered in other chapters, we can see 
that close tolerance oil sealing also plays a very important 
role in obtaining the proper valve function. Consequently, 
anyone who is responsible for the design and/or main- 
tenance of a hydraulic system must consider the precision 
with which hydraulic system components are manufactured. 
Let us now take a practical look at how dirt affects the per- 
formance of the hydraulic system, and what you can do to 
preserve the life of the system’s components. 


THE CONTAMINANT 


The American National Standard Glossary of Terms for 


(Chapter 2) or a pressure switch with an adjustable pressure 
differential (Chapter 8). 


THERMAL COMPENSATOR 


We have shown in Chapter 2 how a port relief can be used to 
protect the system from overpressure due to thermal ex- 
pansion of the fluid. However, this method provides no 
means of maintaining pressure if the oil cools. In static 
closed systems that are subject to varying temperatures, the 
accumulator will compensate for the expansion and con- 
traction of the fluid, and maintain system pressure within 
safe limits. 


HYDRAULIC SHOCK ABSORBER 


The bladder type accumulator, because of its extremely low 
inertia, can be used to dampen pressure pulsations in the 
hydraulic system. These pulsations can be high frequency, 
such as those generated by the individual pumping chambers 
within a pump, or they can be low frequency, such as would 
be produced by precompression/decompression shocks ex- 
perienced during shifting of a directional valve. Whatever the 
source, a high percentage of the pulsations can be removed 
by a bladder accumulator located close to it. For pulsation 
dampening, the precharge is normally established at 80% of 
the maximum operating pressure. Then, by experimentation, 
the precharge can be adjusted higher or lower until the most 
favorable results are obtained. 


ENERGY RECOVERY 


In systems in which large masses must be decelerated, it is 
possible to use the accumulator to recover most of the 
energy that was originally required to put the load in motion. 
When the load overruns the actuator, load induced pressure 
will force oil out of the actuator. If this flow of fluid is directed 
into an adequately sized accumulator, the precharge 
pressure will offer resistance to this flow. Then, as the ac- 
cumulator becomes more fully charge, the back pressure on 
the actuator will cause the load to decelerate. When ac- 
cumulator pressure rises to meet the load induced pressure, 
the motion of the load will stop. By altering the precharge of 
the accumulator, the deceleration rate can be adjusted. The 
recovered potential energy now stored by the accumulator 
can then be used to assist in restarting the system. 


INSTALLATION PRECAUTIONS FOR 
GAS CHARGED ACCUMULATORS 


The accumulator offers many advantages to the hydraulic 
system design because of its ability to store potential energy. 
It is important, however, for those who work with ac- 
cumulators to respect this high energy level. Irresponsible 
tinkering with a charged accumulator can be as lethal as the 


release of the energy stored in several sticks of dynamite. 


Whenever an accumulator is to be precharged, it is im- 
perative that the oil side of the accumulator be vented to at- 
mosphere. Also, before attempting to remove an ac- 
cumulator from the system (for repair or replacement), it is 
mandatory that the oil port be at zero pressure. A charged 
accumulator which is not mechanically restrained will propell 
itself through the air like a rocket once it is unthreaded from 
the plumbing. For these reasons, proper valving (gate valves, 
ball valve and/or needle valves) must be incorporated on the 
oil side of the accumulator. One valve (usually a ball valve) is 
required for the initial isolation of the accumulator form the 
rest of the hydraulic system. The second valve (usually a 
small needle valve) is teed into the line between the isolating 
valve and the accumulator so that the oil charge can be bled 
to the reservoir. 


Needle Valve 
Ball or — 
Gate Valve 
From To 
Pump System 


Minimum Valving Needed to Isolate the 
Accumulator 


CHECKING THE 
PRECHARGE PRESSURE 


One of the easiest ways to check the precharge pressure on 
an inservice accumulator is to close the isolating valve when 
there is an oil charge in the accumulator. When it is closed, 
the needle valve can be opened to bleed the oil charge in the 
accumulator slowly to tank. By carefully watching the 
pressure gauge, you will first see a gradual decay in pressure 
as the oil charge empties through the partially open needle 
valve. However, the moment the accumulator rids itself of all 
the oil the needle on the pressure gauge will immediately 
drop to zero. The pressure from which the needle drops 
quickly to zero is the precharge pressure in the accumulator. 
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Although the above guideline provides satisfactory operation 
for many hydraulic circuits, it may not be desirable to have 
the load stall at some minimum operating pressure. 


For instance, in applications with varying loads, we would 
have to precharge the accumulator based on the minimum 
pressure required to move the heaviest load. You can see 
that there would be no safeguard against emptying the ac- 
cumulator if the cylinder were to be extended with no load. 


For this reason, it is sometimes better to assure that the ac- 
cumulator will not fully discharge simply by oversizing the ac- 
cumulator. In this way the precharge is not limited to some 
maximum level for a mechanical reason. With this design per- 
spective, the only limiting factor on maximum precharge is 
how much oil you expect the accumulator to store. As 
shown in the example, a flow control is usually required to 
control the speed of the actuator because the pressure of the 
accumulator, being higher than the pressure required to do 
the work, can cause an undesirably high flow rate. 


STEP 4: Determine the size of the accumulator. 

In general, it will be necessary to determine how much fluid 
must be displaced to do the required work. Once we deter- 
mine the amount of oil required, we simply choose an ac- 
cumulator from the graphs that will supply the working 
volume as pressure drops from maximum to minimum 
values. If, for instance, we require 300 in? of working volume, 
and the maximum pressure is 3000 PSI, the minimum 
pressure 1500 PSI, and the accumulator is precharged to 
1000 PSI, the graphic solution would indicate that a 5 gallon 
accumulator is required. We have assumed that the 
adiabatic relationship applies to this circuit requirement. 










737 With a 2000 PSI precharge 
this 5 gallon accumulator 

will supply 125 in? when 

pressure drops from 3000 PSI 


(4) Lee | aN to 2450 PSI. 


At 2450 PSI, 
164 in? of oil 
would still be 
stored, which | 
assures that 
this valve 

will not close. 







(@) when fully extended, 
it can only accept © 
125 in? of oil here. 


1500 PSI 
load induced 
pressure 






It is important to note that we size the accumulator by the oil 
it displaces rather than by a flow rate. The flow rate of an ac- 
cumulator is determined solely by the prevailing pressure 
conditions. High pressure at the accumulator means high 
potential energy. If the accumulator were discharged into a 
system with little resistance to flow, the flow rate through the 
oil port of the accumulator could be quite high. Although this 
high flow rate is short lived, it is not impossible to achieve in- 
stantaneous flow rates of over 500 GPM from a one gallon 
accumulator. 


Consequently, the flow rate from an accumulator is deter- 
mined solely by the time allotted for it to discharge. Nor- 
mally, flow controls (Chapter 3) are required to control the 
rate of discharge from the accumulator. 


ACCUMULATOR APPLICATIONS 


In many hydraulic systems, it would be convenient if we 
could somehow store hydraulic energy during one portion of 
the cycle, and then use this energy later in the cycle, to per- 
form the required work function. However, hydraulic fluid is 
only slightly compressible, which eliminates the possibility of 
storing high levels of energy directly. To store this energy in 
the system, it then becomes necessary to make use of an oil 
accumulator. Nevertheless, because of lack of application 
experience, and because of the misconception that the ac- 
cumulator is both expensive and a service problem, this 
device is often omitted from the hydraulic system design. 
Rather than engineer the hydraulic circuit to include an ac- 


T 


This cylinder has 
a 4” bore and 10” 
stroke. 










































10-23 


Am S 
Adiabatic Relationship 4 
_5 gallon Accumulator S 
— | L BHIR E 
9 99 D 0 9 E se Ne |e 9 apes te a ey G 
T TT TT l L AET l TTT 
800 SRA BEARER EARRERESSRS 
a E 
BE is 
as E 
S 
w 





Available Volume (Cubic inches) 


— — Y 


Er A 
IRR 88 
1000 





TT 





CARE 
1500 


aa pee VICCC..— l- 0 


RIE 9 RE 
Gas Precharge Pressure (PSIG) 


2000 


Operating Pressure (PSIG) 


cumulator, the designer simply provides a circuit in which the 
pump can produce instantaneously the hydraulic energy 
which is required to do the work. Nevertheless there are 
many circuit design? which could be enhanced by the use of 
an accumulator. Let us now mention a few examples. 


ENERGY STORAGE 


In any circuit which has an intermittent duty cycle, there is a 
potential use for the accumulator. Likewise, circuits which 
are continuously operating can make good use of an ac- 
cumulator, if during a portion of their cycles, a high flow rate 
is required for a short period of time. The design theory is 
that large hydraulic pumps (which also require large prime 
movers) which operate intermittently, are replaced by smaller 
pumps which operate a greater percentage of the time. If we 
look at the overall duty cycle, we are putting the same level of 
energy into our system by either method. The difference is 
that the accumulator circuit more continuously supplies this 
energy at a lower power level. For those of you who are 
familiar with electric motors and the industrial power factor 
the efficiency of the accumulator circuit is readily apparent. 


ENERGY RESERVE 


In critical application when it would be dangerous to stop the 
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system function at some midpoint in the duty cycle, the ac- 
cumulator can be used to store an emergency supply of 
energy. If there is a pump or power failure, this stored energy 
can be used to complete the cycle and return the machinery 
to safe condition. In this type of application, the accumulator 
must be large enough to supply enough oil to run the 
machinery through at least one complete cycle. 


LEAKAGE COMPENSATION 


In many hydraulic circuits it is often necessary for the ac- 
tuator to provide a holding force without any motion. 
Hydraulically, this requires pressure with no flow. We have 
shown in Chapter 6 how this problem can be solved by using 
a pressure compensated pump. However, the accumulator 
offers the designer a viable alternative. In machine tool cir- 
cuits, for instance, the accumulator will exert pressure on the 
clamping cylinders for extended periods of time. The oil 
stored in the accumulator will supply the relatively small oil 
flow which is required to replace the oil lost by internal 
leakage of spool type directional controls (for example) and 
possible leakage by the piston seals. When leakage losses 
allow the accumulator to drop below the minimum clamping 
pressure, the pump will be tumed on momentarily to 
recharge the accumulator. This can be an automatic function 
if the circuit incorporates an accumulator charging valve 


Generally speaking, the maximum system pressure is deter- 
mined either by the pressure rating of the pump or the ac- 
cumulator. You will find that most accumulators are rated 
for a maximum operating pressure of 3000 PSI. Higher 
pressure versions (up to 6000 PSI) are available. However, 
they cost considerably more than the 3000 PSI units. It is im- 
portant to fix the maximum pressure limit as high as feasibly 
possible. In this way the maximum storage capability of the 
accumulator can be utilized. Let us assume that our 
maximum operating pressure will be 3000 PSI. 


NOTE: As previously mentioned, when selecting a bladder 
type accumulator, we must limit the maximum gas com- 
pression ratio to prevent overflexing of the bladder. To 
prevent overflexing of the bladder, the maximum system 
pressure should not exceed three times the minimum 
operating pressure. If, for example, the minimum operating 
pressure were 500 PSI, then the maximum operating 
pressure should not exceed 1500 PSI. 


STEP 3: Determine the precharge pressure. 


With a gas charged accumulator, the lower the precharge 
pressure, the more oil the accumulator will store at 
maximum. operating pressure. Likewise, the lower. the 
precharge pressure, the lower the minimum operating 
pressure can be before the accumulator completely empties 
its oil charge. Actually, the precharge pressure is best deter- 
mined by studying the accumulator pressure volume curves, 
and comparing the performance with the result you expect to 
obtain for your system. Nevertheless, there are some 
guidelines to follow for determining the proper precharge 
pressure range. Although these guidelines specifically set the 


With a precharge pressure 
of only 1350 PSI... 







the accumulator will not 
completely discharge 

at minimum system 
pressure... 
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if this cylinder 
stalls because of-lack 
of force... 


at a system pressure 
of 1500 PSI. 


limits of precharge pressure for bladder type accumulators, 
they can also be applied to piston designs. 


With bladder type accumulators, we must prevent over- 
stressing the bladder when it is fully compressed at 
maximum operating pressure. To prevent excessive defor- 
mation at high pressure, the precharge pressure should never 
drop below 25% of the maximum operating pressure. This 
means that with a maximum pressure of 3000 PSI, the 


minimum precharge pressure should not be less than 750 
PSI. 


On the other hand, we usually do not want to precharge the 
accumulator to a level higher than the minimum operating 
pressure. If this were the case, the precharge would have 
enough force to empty the accumulator completely. This 
would cause the bladder protection valve to close during nor- 
mal operation of the system. For mechanical reasons, this is 
not recommended. 


One way to assure that the bladder protection valve will 
always remain open is to limit the maximum precharge to 
90% of the minimum operating pressure. In this way, the ac- 
tuator will stall, from lack of pressure force, before the ac- 
cumulator fully discharges. With this method the maximum 
precharge for a system which must operate with at least 
1500 PSI would be determined as follows: 


1500 PSI x .9- 1350 PSI 


This means that the acceptable precharge for the example 
we are developing would be somewhere between 1350 PSI 
and 750 PSI. 


LOAD 
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Since V,=final gas volume the oil volume would be the initial 
gas volume minus the final gas volume: 


Vol=Vi z N3 
Voi=1155-706 


Voi=449 in? (oil volume in storage) 


2. Solution: 
P,V" =P, V 


P,=Initial gas pressure (absolute) = 
3000 PSIG + 14.7 PSF 3014.7 PSIA 


V, =Initial gas volume = 706 in? (from # 1) 


P,=Final gas pressure = 2250 PSIG + 14.7 PSI = 
2264.7 PSIA 


V,=Final gas volume 


n=1.4 


1.4/ P 
= oy, 
V2 P, 
y,=14 [3041 x 706 
2264.7 
1.4 
Vs \/1.33 x706 


V= antilog RS. 706 


V,= antilog hea x 706 


V,=1.23 x 706 


V,=866 in3(gas volume) 


The oil volume stored at this pressure (2250 PSI) would be 
the total gas volume of the accumulator minus the final gas 
volume or: 


Voi =1155 in?- 866 in?=289 in? 
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Consequently, the oil discharged would be found by sub- 
tracting the final oil volume from the initial oil volume: 


A V=449-289=160 in? (oil discharged) 


If we compare the oil volumes as calculated in the isothermal 
and adiabatic examples, we find that the isothermal change 
stores 125 in? (574-449=125 in?) more oil than the adiabatic 
change, given an equivalent pressure change. Since this 
extra 1/2 gallon of fluid can influence the proper operation of 
the hydraulic system, we must consider the conditions under 
which the oil enters and leaves the accumulator. Our ex- 
ample has shown that moments after the adiabatic charging 
of the accumulator with oil, the gas volume would be 706 in’. 
However, if the same accumulator were given enough time, 
the temperature of the gas would equalize at room tem- 
perature. As the gas cools, its internal pressure decreases. 
This allows more oil to enter the accumulator as the gas 
volume drops to the isothermal level (580 in’). 


USING ACCUMULATOR CURVES 


In actual application, the pressure and volume conditions 
more closely approximate the adiabatic change of state than 
the isothermal change. To avoid the somewhat complicated 
mathematics, accumulator manufacturers publish curves 
from which the volume of oil available can be determined 
directly, assuming that the precharge pressure and operating 
pressure are known. The graphs are usually corrected so 
that the precharge pressure and the operating system 
pressure are represented directly in gauge pressure (PSIG). 
Normally, two curves are given for each accumulator. One 
represents the simple isothermal relationship, while the 
second represents the more complicated adiabatic change. 
The graphs which follow are typical examples. 


When using the graph, there is certain information which 
must be determined from the operating condition of the cir- 
cuit in which the accumulator will be used. If a bladder type 
accumulator is to be used, there are specific limits which 
must be placed on the precharge pressure and the gas com- 
pression ratio. A logical selection process would include the 
following steps. 


Step 1: Determine the minimum operating pressure. 

With any circuit design, it is imperative to determine the 
minimum operating pressure which will produce the required 
thrust or torque at the work output. When working with ac- 
cumulators, it is important to size the actuator so that the 
operating pressure will be well below the maximum pressure 
rating of the pump and other system components. In this 
way the accumulator can be charged with pressurized fluid 
whenever system pressure exceeds the minimum operating 
pressure limit. For the purpose of this explanation, let us 
assume that our minimum operating pressure is 1500 PSI. 


Step 2: Determine the maximum system pressure. 


There is sometimes a problem when using Boyle’s Law to 
calculate the expected volume and pressure conditions. 


The problem is that the formula is accurate only when the 
temperature of he gas. remains constant, while the 
pressure and volume conditions change. Unfortunately a 
gas increases in temperature when it is compressed, and it 
cools as it expands. This means that the formula would 
be accurate only if sufficient time were available for the 
accumulator to stabilize at room temperature after a 
change in volume of the gas occurred. This isothermal 
change of pressure and volume would only be applicable 
when the duty cycle of the accumulator was quite slow. 


THE ADIABATIC CHANGE 


de 


The adiabatic change of pressure and volume condition is 
one in which the process of change in volume and 
pressure occurs so quickly that no heat can transfer into 
or out of the gas. This means that if the gas is being com- 
pressed, the heat given off during compression would 
warm up the gas and increase its pressure to a point 
higher than would be indicated by the simple relationship 
of Boyle’s Law. Also, during discharge of fluid from the 
accumulator, the gas cools as it expands. Since the tem- 
perature would be somewhat lower than room tem- 
perature, the final pressure in the gas would be lower than 
that calculated by using the formula of Boyle’s Law. The 
relationship between an isothermal process and an 
adiabatic process is shown in the graph. 


Pressure 


| S Isothermal 


COP — — Adiabatic 
| | 





Volume 


Comparison of Isothermal and Adiabatic 
Volume Change of Pressure and 


Although the formula which expresses the adiabatic change 
of pressure and volume condition is similar in appearance to 
Boyle’s formula, mathematically it is somewhat more difficult 
to use. Let us now state this formula, and then we will at- 
tempt to explain its use in simple terms: 


p, vn P.V =Constant 


In this formula “n” is the molar specific heat ratio of the gas. 


It is beyond the scope of this text to fully explain what is 
meant by the term molar specific heat of a gas. Fortunately, 
if we accept the fact that the molar specific heat ratio for 
nitrogen is 1.4, the understanding of this term is not essential 
to our calculating pressure and volume conditions of an ac- 
cumulator which undergoes an adiabatic change of con- 
dition. The following example explains the mathematics in- 
volved in working with this formula. You will notice that it is 
necessary to work with logarithms. This will require the use 
of log tables, a slide rule or a pocket calculator with a log 
function. 


Example: A 5 gallon accumulator is pre-charged with 
nitrogen to a pressure of 1500 PSI. 


1. What volume of oil will the accumulator store when rapid 
oil entry increases the gas pressure to 3000 PSI. 2. How 
much oil will be discharged if the system pressure then drops 
quickly to 2250 PSI? 
1. Solution: 

P, V =P,V; 


P,=absolute pre-charge pressure = 
1500 PSIG + 14.7 PSI = 1514.7 PSIA 


5 gallon x 231 in? 


gallon =1155 in? 


V,=lnitial gas volume= 


P,=maximum pressure (absolute)= 
3000 PSI + 14.7 PSI=3014.7 PSIA 


V,=final gas volume (in?) 
n=1.4 


Since we must first solve for V3: 


Pi Vi or Vues N P, V, 
P, P, 


V= meg CE: 
i 3014.7 


v,=1-4 1502 x1155 








JAS 


*1155 


V,= anti-log E S x 1155 





V,= anti-log ie | x1155 


V2=.611x1155 


V2=706 in? (gas volume) 
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damage. Conversely, the disadvantage of this design is 
that the friction caused by the piston seals, and the inertial 
mass of the piston tend to slow the accumulator’s respon- 
se characteristics. Also, the piston seals are subject to 
wear, and eventually to leakage of the precharge. For this 
reason, the piston type accumulator generally requires a 
more frequent check on the precharge pressure. 


BLADDER ACCUMULATORS 





Gas Valve 





Bladder 


Oil Port 


Basic Bladder Accumulator 


Accumulators with the bladder design are probably used 
more frequently than the others. As shown in the cross- 
sectional illustration, the bladder accumulator has a steel 
outer wall which contains the operating pressure of the 
system. A rubber bladder serves as the separating barrier 


Protection Valve 


between the gas chamber and the oil chamber. Initially, 
the oil port is vented to atmospheric pressure, and the 
rubber bladder is precharged with nitrogen gas through 
the gas valve. Precharging the bladder causes it to stretch 
until it comes completely in contact with the retaining 
wails of the vessel. During precharging, the mushroom 
shaped bladder protection valve closes, which prevents 
the bladder from extruding through the oil connection 
port. 


During operation of the hydraulic system, once system 
pressure exceeds the precharge pressure, oil enters the 
accumulator and compresses the rubber bladder and the 
gas it contains. Needless to say, the more the gas is com- 
pressed, the higher the system pressure must be. 
Likewise, as system pressure decays from maximum to 
minimum, the gas expands and forces an oil flow from the 
accumulator. 


Because the bladder of the accumulator has very little 
mass and virtually no friction, this design responds to 
changes in pressure almost instantaneously. In fact, the 
bladder type accumulator reacts to changes in system 
pressure faster than any other type of hydraulic system 
component. 


There are two precautions concerning the selection of a 
bladder type accumulator which are worthy of mention at 
this point. First, to avoid damage to either the bladder or 
the bladder protection valve, the accumulator must be 
sized large enough so that it will not close the anti- 
extrusion valve during normal system operation. As will 
be shown, this protection can also be accomplished 
through the selection of the proper precharge pressure. 
Second, it is detrimental to the life expectancy of the rub- 
ber bladder to compress it too much. To avoid excessive 
bladder deformation when the accumulator is fully 
charged, there is a defined gas compression ratio which 
must not be exceeded. 





Bladder Condition 
After Precharging 


LR NA” 
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Simply stated: 


Oil Entry P, V,=P,V.=Constant 


(with constant gas temperature) 


Where: P, =initial gas pressure (PSIA) 
V,=initial gas volume (in?) 
P,=final gas pressure (PSIA) 


V.=Final gas volume (in?) 


This formula implies that if we have a volume of gas (V,) 
stored at a pressure (P,), an increase or decrease of the 
volume will also change the pressure. You will notice that 
if V, is larger than V,, then P, must be smaller than P,. 
Likewise, if V. is smaller than V,, then P, is greater than 
P,. It is important to remember that a gas completely fills 
its containing vessel. Therefore, the volume of the gas is 
determined by the volume of its container. A ten gallon 
accumulator, when precharged, holds a gas volume of ten 
gallons. It does not mean that this same accumulator will 
store 10 gallons of pressurized fluid. Before examining the 
following example, it is important for you to note that the 

Discharging pressure must always be represented as absolute pressure 
(Chapter 1) when using Boyle’s Law. 


Example: A 5 gallon accumulator is precharged with 
nitrogen to 1500 PSI. What would the volume of oil 
be if the gas pressure increased to 3000 PSI? 


P,V,=P.V, 


P,=Absolute pre-charge pressure = 
1500 PSIG + 14.7 PSI= 1514.7 PSIA 


V,=Initial gas volume = 5 gallon Se = 1155 tm 


P,=Final pressure (absolute) = 3000 PSIG + 14.7 PSI = 
3014.7 PSIA 


V.=Final gas volume (in?) 





solving for V; we can write: 


V, =P N, 
P 
CALCULATIONS FOR GAS i 
CHARGED ACCUMULATORS v,=1514.7 x 1155 
3014.7 

We have shown that the gas charged accumulator is a 
pressure storage vessel, which stores the potential energy V2=.502 x 1155 
of an incompressible fluid against the compressible force V,=580 in? 


of an inert gas. For this reason, the amount of energy 
stored by an accumulator is influenced by the pressure 
and volume conditions of the gas. The calculations for 
determining the pressure and volume conditions are sum- 
marized by the mathematical relationship known as 
Boyle’s Law. Voil = V,—V,=1155—580=574 in’. 


Since V.=final gas volume the oil volume would be the initial 


gas volume minus the final gas volume or 
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=e | LE re Pressure — | 
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L vdt = Directional Control Valve 


Complete Modular Schematic for System as 
Described in the Text 


piping is the elimination of the leakage that is so common in 
a system with numerous fittings. 


Off-the-shelf module components make the modular method 
for reducing piping the most flexible system available. 
Modular manifolds, unlike cross drilled manifolds, never 
become obsolete. That is, if a circuit needs to be modified or 
discontinued, module components permit field changes. 





Merely adding, rearranging, or eliminating module com- 
ponents allows flexibility for modification virtually impossible 
with a drilled type manifold. 


Although the module system, as described, deals with 
mounting single components on a particular module sub- 
plate, sandwich mounted valves, as discussed in other chap- 
ters can be used to add to the versatility of the system. 





Modular unit mounting a total of 18 different 
valves. Sandwich mounted double pilot operated 
check valves and sandwich mounted dual flow 
controls are used with each of the six 50 GPM 
directional controls. 





Directional valve with sandwich mounted dual 
pilot operated check, dual flow control, and 
pressure reducing valve all mounted on a 
modular subplate. 
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ACCUMULATORS 


Today there are three types of accumulators which can be 
used in a hydraulic system: the weight loaded, the spring 
loaded, and the gas charged. The first two consist basically 
of a hydraulic cylinder which has a force exerted on one side 
of its piston by either a vertically acting weight or a heavy 
spring. Hydraulic fluid then enters the opposite side of the 
cylinder, and, as pressure rises, lifts the weight or com- 
presses the spring. The fluid is then stored in the housing of 
the cylinder, until system pressure drops to the point at 
which the weight or the spring can push oil back into the 
hydraulic system. With the weight loaded accumulator, 
system pressure will remain constant as fluid discharges 
from the accumulator because the weight exerts a constant 
force. The spring loaded accumulator, on the other hand, 
causes a decay in system pressure as the accumulator 
discharges. This happens because the spring force relaxes as 
the spring becomes longer, during discharge. 


Although the weight loaded and spring loaded accumulators 
can be used successfully, they are usually home made 
devices, incorporating standard hydraulic cylinders. The gas 
charged accumulator, on the other hand, is a very popular 
accessory which can be used to perform many different func- 
tions. Since gas charged accumulators are by far the most 
popular, this section will be devoted to the design, ap- 
plication, and installation of these components. 


OPERATION OF GAS CHARGED 
ACCUMULATORS 


A gas charged accumulator stores a non-compressible fluid, 
under pressure, by compressing an inert gas (nitrogen). 
When the accumulator is empty of oil, the gas chamber is 
precharged to a predetermined precharge pressure with 
nitrogen gas. Then, as oil enters the accumulator, the gas is 
compressed. The pressure at the accumulator’s oil port is 
proportional to the amount of fluid stored in the ac- 
cumulator. This pressure increases as oil is pumped into the 
accumulator, and it decreases as the accumulator 
discharges. Today, there are two popular variations of the 
basic gas charged accumulator. They are the piston ac- 
cumulator and the bladder type accumulator. Let us now 
take a look at each design. 


THE PISTON TYPE ACCUMULATOR 


The cross-sectional illustration shows the operating principle 
of a typical piston type accumulator. In this design, a sealed 
but movable piston isolates the gas chamber from the oil 
chamber. The accumulator is precharged with nitrogen gas 
to a level dictated by the system requirement. During 
operation, when system pressure exceeds the gas precharge 
pressure, oil enters the accumulator and forces the piston up- 
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(Courtesy of Greer Hydraulics, Inc.) 
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Piston Type Accumulator 
(Courtesy of Greer Hydraulics, Inc.) 


ward. This compresses the gas, which increases the pressure 
in the accumulator. 


A major advantage offered by the piston type ac- 
cumulator is that it can operate with an infinite gas com- 
pression ratio. In addition, the piston accumulator can be 
fully discharged during the operating cycle without fear of 
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Complete Modular Schematic for System as 
Described in the Text 


piping is the elimination of the leakage that is so common in 
a system with numerous fittings. 


Off-the-shelf module components make the modular method 
for reducing piping the most flexible system available. 
Modular manifolds, unlike cross drilled manifolds, never 
become obsolete. That is, if a circuit needs to be modified or 
discontinued, module components permit field changes. 





d 


Merely adding, rearranging, or eliminating module com- 
ponents allows flexibility for modification virtually impossible 
with a drilled type manifold. 


Although the module system, as described, deals with 
mounting single components on a particular module sub- 
plate, sandwich mounted valves, as discussed in other chap- 
ters can be used to add to the versatility of the system. 





Modular unit mounting a total of 18 different 
valves. Sandwich mounted double pilot operated 
check valves and sandwich mounted dual flow 
controls are used with each of the six 50 GPM 
directional controls. 





Directional valve with sandwich mounted dual 


pilot operated check, dual flow control, and 
pressure reducing valve all mounted on a 
modular subpliate. 
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The modular manifold has been presented as a viable means 
to provide better serviceability, and reduce the amount of 
leakage in the hydraulic system. Although the discussion 
was limited to the design concept of one particular type of 
manifolding system, the designer should be aware that the 
modular concept has a much broader significance. Today's 
more specialized modules are reducing leakage, providing 
easier serviceability, and allowing a more compact design. 
The machine tool and press industries are but two examples 
where specialized modular componentry is rapidly gaining 
popularity. We have asked, however, that the interested 
reader look into these specialized modules individually. 


The gas charged accumulator has been introduced as a com- 
ponent with many application possibilities. This single item 
can reduce pump size and installed horsepower, compensate 
for leakage, provide an emergency energy reserve, recover 
energy which would otherwise be wasted, compensate for 
thermal changes, reduce noise, and dampen pressure surges 


in the hydraulic system. The application information for ac- 
cumulators included a discussion of Boyle’s Law, adiabatic 
and isothermal pressure volume relationships, calculation of 
the available volume of oil which is stored in the ac- 
cumulator, and determination of the precharge pressure 
limits. 


The final component discussed was the hydraulic oil filter. 
By selecting this item as the last component covered in this 
chapter, we hope to leave you with the impression that this 
single item is a manditory accessory for all hydraulic 
systems. It is impossible to achieve a satisfactory life ex- 
pectancy for any high performance system or component 
unless the control of contamination is dealt with properly. To 
aid the designer in selecting a proper filtration system, we 
have discussed the different types of filtering media. We 
have also listed the advantages and disadvantages offered by 
each possible filter location. These included suction, 
pressure and return line filters. 
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Acceleration, 1-21, 9-4 

curves 9-9 

graphic analysis 9-4 

time 9-9 

time periods 9-5 
Accumulator precharging 10-25 
Accumulators 10-16 

bladder 10-17 

gas charged 10-16 

piston 10-16 
Actuators 

linear, see Cylinders, hydraulic 

pilot 5-22 
Adiabatic relationships, 10-19 
Adjustment sensitivity of flow control valves 3-3 
Aeration (of pumps), see Pumps, aeration 
Amplifiers 

adjustments 8-2 

card holders 8-21 

card rack 8-22 

power supply 8-21 
Anti-lunge in flow controls 3-8 
Area, circle 1-3 
Atmosphere, pressure measurement of 1-16 


B 


Backpressure valves, see Valves, backpressure 
Balancing grooves, directional controls 5-14 

Bar, pressure measurement 1-16 

Barometer 1-14 

Bearings, hydrodynamic 6-14 

Bent axis pumps, see Pumps, bent axis 
Bernoulli's Theorem 5-16 

Bladder accumulators, see Accumulators, bladder 
Bourdon tube, see Switches, Bourdon pressure tube 
Boyle’s Law 10-18 

British Thermal Units 1-17 

Breather 10-34 

BTU, see British Thermal Units 

Bulk modulus of fluids 3-13, 9-2 


C 


Cam operator 5-22 
Catastrophic failure, see Failure, catastrophic 
Cavitation 1-16, 1-20 


Centering, see Valves, directional control, centering 





INDEX 


Check valves 4-1 

bypass 4-3 

pilot operated 4-5 

sandwich mounted, pilot operated 4-15 
Circuits 

closed pump 6-24 

half closed pump 6-24 

parallel 1-12, 5-53 

regenerative 5-54 

series 1-12, 5-45 
Compressibility, oil 3-13 
Contaminants 10-26 
Contamination 

effects of, 10-27 

SAE classification 10-28 

sources of, 10-26 
Control, directional valve 5-7 
Cracking pressures 

check valves 4-3 

relief valves 2-3 
Crossover, directional valve 5-7 
Cylinders 

hydraulic 1-3 

hydraulic centering 6-45 


D 


DC solenoids, see Solenoids, D.C. 
Deceleration 

curves 9-9 

time 9-10 
Deceleration valves, see Valves, deceleration 
Decompression time 4-17 
Degradation failure, see Failure, degradation 
Depth filtration, see Filtration, depth 
Direction of rotation 6-7, 6-10 
Displacement 

motors, hydraulic 1-11 

pumps, hydraulic 6-2 
Drains, external, pilot operated check valve 4-8 


E 


Efficiency 
high pressure 3-28 
mechanical 6-3 
overall 6-3 
pump 6-2 
volumetric 6-2 

Electric motors, see Motors, electric 
Electronic proportional control, pumps 6-44 





Energy 1-1 snubber 10-7 


Gear pumps, see Pumps, fixed displacement, gear 
F Gerotors 6-8 
Failure H 
catastrophic 10-27 
E eer el — okt eae 6-37 
Filter clogging indicator, see Indicator, filter clogging Heat “7 
Filter —— 
absolute rating 10-29 asea C a 
elements, mesh size 10-29 generation 
location — 35 estimating 1-19 
Maca i flow controls 3-15, 3-19, 3-22 
medla A 10.23 reducing valves, with 2-31 
etter T i Heating reservoirs 1-21 
a S Hertz, unit of measurement 9-1 
Horsepower 1-2 
me oe constant pump control 6-39 
inlet 10- 10-32 heat relationship 1-17 
an ep 10.33 input, hydraulic pump 6-4 
face 10-29 output, hydraulic motor 1-11 
FI su S torque & speed relationships 1-12 
‘by : 3.99 Hydraulics, defined 1-1 
aog 2- ; inders 1-4 Hydraulic offset, directional control 5-34 
Bene — or cylinders 1- Hydrostatics 1-1 
= H D 2 a 
hydraulically operated control 3-31 ail 
laminar 1-6 I 
rate, directional valves 5-14 
restrictor type, pressure compensated 3-7 
variables 3-2 Inlet conditions, see Pump, inlet conditions 
velocity in pipes 1-4 Inlet filtration, see Filtration, inlet 
with logic elements 4-32 instability, 9-1 
Fluid power symbols, see Symbols, fluid power ___\nternal gear pumps, see Pumps, fixed displacement, intemal 
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A 


Acceleration, 1-21, 9-4 

curves 9-9 

graphic analysis 9-4 

time 9-9 

time periods 9-5 
Accumulator precharging 10-25 
Accumulators 10-16 

bladder 10-17 

gas charged 10-16 

piston 10-16 
Actuators 

linear, see Cylinders, hydraulic 

pilot 5-22 
Adiabatic relationships, 10-19 
Adjustment sensitivity of flow control valves 3-3 
Aeration (of pumps), see Pumps, aeration 
Amplifiers 

adjustments 8-2 

card holders 8-21 

card rack 8-22 

power supply 8-21 
Anti-lunge in flow controls 3-8 
Area, circle 1-3 
Atmosphere, pressure measurement of 1-16 


Backpressure valves, see Valves, backpressure 
Balancing grooves, directional controls 5-14 

Bar, pressure measurement 1-16 

Barometer 1-14 

Bearings, hydrodynamic 6-14 

Bent axis pumps, see Pumps, bent axis 
Bernoulli's Theorem 5-16 

Bladder accumulators, see Accumulators, bladder 
Bourdon tube, see Switches, Bourdon pressure tube 
Boyle’s Law 10-18 

British Thermal Units 1-17 

Breather 10-34 

BTU, see British Thermal Units 

Bulk modulus of fluids 3-13, 9-2 


C 


Cam operator 5-22 

Catastrophic failure, see Failure, catastrophic 
Cavitation 1-16, 1-20 

Centering, see Valves, directional control, centering 


Check valves 4-1 

bypass 4-3 

pilot operated 4-5 

sandwich mounted, pilot operated 4-15 
Circuits 

closed pump 6-24 

half closed pump 6-24 

parallel 1-12, 5-53 

regenerative 5-54 

series 1-12, 5-45 
Compressibility, oil 3-13 
Contaminants 10-26 
Contamination 

effects of, 10-27 

SAE classification 10-28 

sources of, 10-26 
Control, directional valve 5-7 
Cracking pressures 

check valves 4-3 

relief valves 2-3 
Crossover, directional valve 5-7 
Cylinders 

hydraulic 1-3 

hydraulic centering 6-45 


D 


DC solenoids, see Solenoids, D.C. 
Deceleration 

curves 9-9 

time 9-10 
Deceleration valves, see Valves, deceleration 
Decompression time 4-17 
Degradation failure, see Failure, degradation 
Depth filtration, see Filtration, depth 
Direction of rotation 6-7, 6-10 
Displacement 

motors, hydraulic 1-11 

pumps, hydraulic 6-2 
Drains, external, pilot operated check valve 4-8 - 


E 


Efficiency 

high pressure 3-28 

mechanical 6-3 

overall 6-3 

pump 6-2 

volumetric 6-2 
Electric motors, see Motors, electric 
Electronic proportional control, pumps 6-44 


— 


M 


Maintenance 
directional valves 5-13 
filters 10-35 
Manifolds, modular 10-9 
Meter-in flow controls 3-11 
Meter-out flow controls 3-15 





pressure reducing valves 2-22 
pressure 


related pump controls 6-46 
requirements 
check valves 4-7 
prefill valves 4-25 
ratio for check valves 4-5 
supply for directional valves 5-39, 5-43, 5-46 


Piloting remote relief 2-12 

Power 1-2 

Precharging accumulator, see Accumulators, precharging 
Prefill valves, see Valves, prefill 

Pressure 


Metering notches, see Spools, metering notches 
Micrometre, unit of measurement 5-11 
Micron, see Micrometre 
Motors, electric 
pump control 6-38 


sizing 6-30 absolute 1-14 
À ; adjustment, variable vane pump 6-27 
Mounting prefill valves, see Valves, prefill, mounting 
N control with logic elements 4-29, 4-33 


Needle valves, see Valves, needle 

Negative overlap, directional valves 5-10 

NEMA wire insulation, see Wire insulation, NEMA 
Newton’s Law 9-12 

Noise tuning, variable vane pump 6-29 


O 


Oil compressibility, see Compressibility, oil 
Orifice 1-8 


controls, defined 2-1 

cracking for check valves 4-3 
filtration, see Filtration, pressure 
gage, see Gages, pressure 
intensification 3-7 

measurement units 1-16 
override 2-3 

pump rating 6-4 

relief valves, see Valves, pressure relief 
reseat 2-24 

switches, see Switches, pressure 


Primary controls, reducing valves 2-29 
Prime movers 1-1, 6-1 

Priming radial piston pumps 6-15 

Psi, see Pressure measurement units 


O-ring seals, see Seals, O-ring 
Overcenter counterbalance 2-43 
Overlap, directional controls, positive 5-9 


Overshoot, relief valve, see Valves, relief, overshoot Pump 
aeration 1-16 
P controls 
constant horsepower 6-39 


P-port sequence 5-45 
Parallel circuits, see Circuits, parallel 
Pascal, unit of measurement 1-17 
Pascal's Law 1-1 
Pilot 
actuators, see Actuators, pilot 
choke for directional valves 5-48 
drain 
directional valves 5-39 
relief 2-14 
operated 
directional valves 5-34 
multi-function pressure control 2-33 
poppet valves 5-61 
pressure relief valves 2-9 


electric motor 6-38 

electronic proportional 6-44 

handwheel 6-37 

hydraulic cylinder 6-45 

load sensing 6-40 

pilot pressure related 6-46 
hydrostatic transmission 6-32 
inlet conditions 1-15 


Pumps 


bent axis piston 6-20, 6-33, 6-35 
classification 6-5 
dual vane design 6-11 
external gear 6-6 
fixed displacement 
application 6-4 








bent axis piston 6-20 
gear 
external 6-6 
internal 6-7 
Gerotor 6-8 
piston, in-line 6-16 
piston, radial 6-12 
vane, pressure compensated 6-25, 6-27 
proportional vane 7-20 
shaft alignment 6-4, 6-23 
side clearance 6-12 
single vane design 6-11 
slipper pad 6-18 
variable displacement 
bent axis, closed circuit 6-35 
bent axis, open circuit 6-33 
direct operated vane 6-25 
hydrostatic transmission 6-32 
in-line axial 6-32 
pilot operated vane 6-27 
vane, volume control 6-26 


R 


Rectifier, flow control 3-10 
Regenerative 
circuits, see Circuits, regenerative 
spools, see Spools, regenerative 
Remote piloting, see Piloting, remote 
Reseat pressure, see Pressure, reseat 
Resonance 9-1 
Return line filtration, see Filtration, return line 


S 


Sandwich mounting 

pilot operated check valves 4-15 

flow controls 3-34 
Seals 

O-ring 5-31 

U-cups 5-32 
Secondary control, reducing valves, 2-25 
Separation, valve plate, axial piston pumps 6-17, 6-22 
Series circuits, see Circuits, series 
Servicing, see Maintenance 
Servovalves 7-1 
Shading coils, see Solenoids 
Shaft alignment, see Pumps, shaft alignment 
Shielding, amplifier 8-20 
Side clearance, see Pumps, side clearance 
Single vane, see Pumps, single vane design 
Slipper pad, see Pumps, slipper pad 


Solenoids 

A.C. 5-25 

D.C. 5-24 

force controlled 7-1 

proportional 7-1 

shading coils 5-25 

stroke controlled 7-16 

wet pin 5-27, 7-1 
Speed control accuracy 3-7 
Spools 

flow paths 7-9 

metering notches 5-7, 5-8 

proportional valve 7-6 

regenerative 5-55 

two-to-one area ratio 7-6 
Spring 

centering, directional controls 5-5 

constant 9-1, 9-2, 9-3 

force 2-1 

mass 9-1 

offset, directional valves 5-6 
Stability, relief valve, see Valves, relief, stability 
Suction filtration, see Filtration, inlet 
Surface filtration, see Filtration, surface 
Symbols, fluid power 

check valves 4-34 

check valves, pilot operated 4-34, 4-35 

directional valves, spool type 5-3 through 5-7, 5-10, 

9-11, 5-32, 5-33, 5-51, 5-52 

flow controls 3-36 

logic elements 4-35, 4-36 

modular manifolds 10-9 

multi-function pressure controls 2-52 

prefill valves 4-35 

proportional directional controls 7-24 

proportional pressure controls 7-23 

pumps 6-53 through 6-56 

reducing valves 2-31 

relief valves, direct operated 2-9 

relief valves, pilot operated 2-31 
Switches 

Bourdon tube, pressure 10-4 

dry 8-21 

piston type pressure 10-1 


T 


Temperature compensation, flow controls 3-10 

Three-position directional control, see Valves, directional, 
3-position 

Torque 1-11 

Torque calculations, hydraulic motors 1-11 

Turbulent flow, see Flow, turbulent 


We have attempted to comply with ISO (Intemational Standards Organization) Recommendation 
R1219; Entitled “Graphic Symbols for Hydraulic and Pneumatic Equipment and Accessories for 
Fluid Power Transmission" This Recommendation is published in the United States by The 


National Fluid Power Association (NFPA) 3333 N. Mayfair Road, Milwaukee, Wisconsin 53222. 
(414) 259-0990 


The cross sections used in this book, generally show the product cut through the centerline. We 


reference a main poppet of a pilot operated relief valve for comparison of the cross section to the 
actual hardware. 





Circuits in this book do not show all components for proper and safe operation. This has been done so 
as to avoid confusing the control function being explained. 


The educational material in this book has been prepared bya Rexroth Corporation assumes no responsibility for safe or 
technically competent staff supported by The Rexroth Cor- proper operation of any machinery cumulatively designed 
poration, Bethlehem; Pa. which has.a-worldwidezeputation from the information in this book. 

as a supplier of quality systems ‘and_companents,.+and 

believes the material to be accurately’:preséritett/ However, © Copyright 1979 and 1984 by the Rexroth Corporation, 
The Rexroth Corporation’ assumes. no. résponsfbility for 2315 City Line Road, Bethlehem, Pa. 18018. All rights 
published technical errors: Likewise “Since the ‘aterial is reserved. No parts of this book may be reproduced in any 
presented in segmented parts for edticational purposes, The = way without written permission from The Rexroth Cor- 

—— poration. 
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